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Abstract 

We are reporting the results of three years of research on the biological 
responses of unionid clams, in partiuclar Lampsilis radiata and Elliptio 
complanata , to variation in environmental factors. WE have approached the 
question of using clams as indicators of environmental quality considering 
responses at levels ranging from genetic to community. Research was a 
combination of observational studies, manipulative field experiments, 
experiments at the mesocosm level, and laboratory experiments and analyses. We 
found that shell morphology, degree of shell etching and growth rates vary 
along a gradient of exposure to water energy. These phenotypic responses to 
environmental variation appear to have little genetic basis. Few loci are 
polymorphic, allelic frequencies show little spatial pattern and heritability 
is low. However, in transplant experiments clams moved to different 
environments are strongly influenced by the environment from which they came. 
For example growth rate in the first year and tissue metal burdens at the end 
of the first year are determined much more by source lake than by destination 
lake. The "source effect" for growth rate can be explained by (a) early 
Induction due to different environments acting on a common genotype early in 
life in panmictic populations (e.g., north shore Lake Erie and adjacent 
waters), or possibly by (b) underlying genetic differences which are a product 
of selection in amictic populations (e.g., separate lakes on an acidity 
gradient in the Muskoka/Haliburton region). Our attempts to use contaminant 
levels in shell as an environmental monitor were not successful. We have had 
success in demonstrating changes in density and growth rate parameters 
attributable to pollution, despite the potentially confounding effects of 
natural environment variation. 
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Final Report - R.A.C. Project 162PI 

Title: "DEVELOPMENT OF METHODOLOGY FOR USE OF FRESHWATER CLAMS AS BIOLOGICAL 

RESPONSE SYSTEM TO MONITOR THE NEARSHORE ENVIRONMENT OF THE LOWER 

GREAT LAKES" 

Introduction : Much of the substance of this final report is contained in the 
contribution to the MOE Technology Transfer Conference in December 1986 (Green 
and Hinch 1986). That information can be supplemented by the final year (1987) 
annual progress report submitted in May 1987, and by the contents of the Ph.D. 
thesis by Bailey (1987) and the M.Sc. thesis by Hinch (1987). However, there 
is new information, and citations to other sources, included here as well. 

When we submitted our grant proposal in 1984 we had the general objective 
of investigating the use of freshwater clams as "response systems" for use in 
environmental studies. The following specific objectives were necessarily 
associated with that general objective: (1) to assess the phenotypic plasticity 
of unionid clams when subject to variable environmental conditions, (2) to 
assess whether responses to natural environmental variation can be 
distinguished from "pollution" effects, (3) to validate the aging of clams from 
shell growth rings, (4) to assess whether chemical composition of shell 
(especially in "ageable" layers of shell) can be related to pollution that 
occurred during the life history of the clam, (5) to assess the genotypic 
component of the phenotypic response of clams to the environment (with emphasis 
on larval development and heritability of morphological ontogeny), (6) to 
evaluate the influence of known pollution situations on growth rate, shell 
morphology, shell chemistry and soft tissue chemistry, and (7) to build models 
which predict the responses of clams from the properties of the natural 
environment and permit tests of hypotheses related to the additional effect of 
pollution-associated factors. 

I think we have done a productive and generally successful three years of 
research. We have achieved most of the specific objectives - at least to our 
satisfaction. For those objectives we have not achieved, we now see the path 
to achieving them more clearly and can better design research for that purpose. 

Results and Discussion : This section will be organized by the list of specific 
objectives given in the Introduction. 

(1) The Phenotypic Plasticity of Unionid Clams in response to varying natural 
environmental conditions has been inferred by many malacologists who have 
described intra-specific variability of shell form as a function of various 
environmental factors. However their concern has been taxonomic rather than 
environmental; e.g. a key which uses ratio of width to length as a species 
identification character may fail if the shape of a species varies. Some of 
our research previous to 1984 (when this grant period began) dealt with the 
description of variability in shell form of a species as a function of varying 
chemical and physical environment (Green 1972, Bailey et al. 1983). Our 
research supported by the MOE grant has focused on two umonid species, 
Lampsilis radiata (studied mostly along the Lake Erie north shore) and Elliptio 
complanata (studied mostly in "cottage country" lakes of the Muskoka, 
Hal i burton and Algonquin Park regions). Both are abundant and widespread 
species, eminently suitable for monitoring for environmental quality. Some 
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previous studies on those genera, related to response to environment, are: ■ 

Green 1971, 1972; Smith et aT_ 1975; Anderson 1977; Green 1980; Heit et al 1980; ■ 
Leard et a^ 1980; Tessier et a2 1984; Dermott and Lum 1986; Czarnzki~r987; 
Servos et a^ 1987. 

Studies by Bailey in 1984 showed that the unionid community of Inner Long 
Point Bay, Lake Erie, is diverse (10 species collected) and that the species 
composition varies, with the dominant axis of change coinciding with the ^ 

gradient of exposure to wind and waves - from the open lake (outer Long Point I 
Bay) to the shallower sheltered interior of the inner bay. Descriptive ■ 

multivariate statistical methods were used to describe the axis of community 
composition change, and to relate it to the environmental gradient. These ■ 

results have been reported by Bailey (in press). Morphological variation in ■ 
the shell of one species, Lampsilis radiata , was then studied. Again there was 
a gradient of biological response coinciding with the "exposure gradient". ■ 

Shells of L. radiata had heavier shells at the high exposure end of the | 

gradient. During 1984 a reciprocal transplant experiment was done in the field by 
Hinch and Bailey (Hinch's honours project), involving large numbers of marked _ 
clams moved or left as controls for most of the open water season. Again the ■ 
clams showed faster growth at the more exposed site. There was also an effect ■ 
related to the source (low vs. high exposure sites) of the transplanted clams. 
These results have been reported by Hinch et al (1986). 

To investigate the possible adaptive significance of shell form regarding 
efficiency of burrowing in sand (at high exposure sites) versus mud (at low 
exposure sites), Bailey transplanted marked clams from high and low exposure 
sites in Inner Long Point Bay, into large experimental ponds containing mosaics 
of mud and sand substrates. After ca. 2 months the clams were collected and 
their "choices" of substrate noted. Clams from both high and low exposure _ 

sites in the Bay showed a preference for mud, perhaps because they move less I 

easily in mud. These results will be reported by Bailey (paper in ■ 

preparation). Finally, an experiment was done in the laboratory to determine 
whether shell shape has adaptive value in burrowing. Bailey placed L. radiata 
of different shapes onto mud and sand substrates and recorded the length of 
time required for each clam to re-bury itself. He found that narrow mussels 
were more apt to burrow in the sandy substrate than obese mussels, but this was 
not true in the muddy substrate. Heavy-shelled individuals were less likely to 
burrow in the sandy substrate. These results are in general agreement with 
Stanley (1970) who suggested that less obese shells are better adapted to 
burrowing in hard substrates, and that thinner shells enable bivalves to burrow ■ 
faster. However these results are not in agreement with Bailey's observations ■ 
on the natural population, where clams in the exposed, sandy areas tended to 
have heavier shells, and no relationship between obesity and substrate was 
seen. Hinch et al (1986) did observe that shells were less obese in exposed, 
sand habitats. THese results will be reported by Bailey in a future paper. 

Studies on the phenotypic plasticity of the unionid clam Elliptio « 

complanata in response to varying natural environmental conditions were I 

conducted by both Hinch and Green. From his honours project work with Bailey 
on L. radiata in Long Point Bay, Hinch moved on to M.Sc. studies on E. 
complanata in lakes of the Muskoka/Haliburton region. These are lakes ■ 

threatened, in varying degree, by acidification. Before assessing effects of ■ 
acidification on the clams, Hinch conducted several studies to evaluate effects 
of natural environmental variation - especially exposure to water turbulence - 
that might be confounded with effects of water chemistry change driven by 
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acidification. First, in 1985, Hinch re-sampled 60 lakes which had been 
surveyed by MOE. Emphasis was put on collection of E. complanata (or 
determination that they were not present) but water cheinistry analysis was also 
done. These data are now being analyzed and will be the basis of a future 
paper. Clams were found in 40 of these lakes. Four of these lakes {Green, 
Beech, Bark and Tock) were selected for intensive study. Selection was based 
on similarity of lake morphology, ease of access, and coverage of a range of 
alkalinity and pH (pH: 7.5, 7.2, 6.3 and 6.0; alkalinity: 243, 238, 153 and 22, 
respectively). Also in 1985 clams were collected from a site on the lee shore 
and a site on the windward shores of these lakes, and shells were compared 
among lakes (representing water chemistry effects), between sites within lakes 
(representing effects of exposure to water turbulence), and among clams within 
sites. Far more of the variation in shell form (including size variation) was 
due to between-site exposure differences than to among-lake chemical 
differences. These results have been reported by Hinch and Bailey (in press). 
Extent of shell erosion, or etching, was also studied. A microcomputer-based 
digitizer system was used to quantify the patterns of eroded periostracum and 
nacre. Shells of clams from high exposure sites were proportionally more 
etched than were shells of clams from low exposure sites in the same lakes, 
suggesting that etching is a physical process related to water turbulence. 
Etching was not related to among-lake variation in water chemistry. These 
results have been reported by Hinch and Green (submitted, in review). 

During 1986 Green began studies (in collaboration with Ron Hall of MOE) on 
the relationship between Baptiste Lake E. complanata shell growth rate and 
form, on the one hand, and physical /chemical environment and infaunal ^ 
productivity, on the other hand. Baptiste Lake is a large lake (22.3 km^) of 
the Algonquin Park region, in contrast to the small (average area 1.5 km ) 
Muskoka-Haliburton lakes studied by Hinch. The preliminary research in 1986 
involved SCUBA sampling around a small (ca. 0.2 ha) island which is exposed to 
ca. 4 km of open lake on its windward shore but protected by nearby land on its 
leeward shore. The shells of all clams were measured, weighed and sectioned 
for age determination. Sediment samples were taken at the location where each 
clam was collected, and depth was recorded. Emergence traps were set overnight 
by Ron Hall. The sediment samples are now being analyzed for particle size 
distribution and also for infaunal organisms. Ron Hall is assisting with 
identification of invertebrates, both infaunal stages and emergent stages. The 
results indicate that shell size and shape are influenced by exposure to water 
turbulence (in a manner similar to that found by Hinch). Based on the age 
determinations, growth rate is higher on the more exposed shore. However age 
distribution does not systematically differ between the exposed and protected 
shores. These results will be written up for publication. They were 
presented at a paleoecology conference held at UWO this September. 

In summary, we have evidence of substantial intra-specific phenotypic 
plasticity in shell growth rate and form when clams are subject to different 
natural environmental conditions. Exposure to water turbulence appears to be a 
particularly important factor, so that any study conducted for the purpose of 
assessing clam response (e.g., growth rate or shell form) to pollution (e.g., 
acidification) must carefully control for exposure to water turbulence - 
whether it be wind-generated turbulence in lentic environments or current in 
lotic environments. 
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(2) Distinqiiishinq Responses to Natural Environmental Variation from 
Pol 1 ution-Rel ated Effects : The above discussion suggests that it may be 
difficult to distinguish effects caused by natural environmental variation from 
pollution-related effects, at least regarding responses such as growth rate and 
shell form. Even in small lakes the difference between lee and windward 
shorelines appears to be much more important than does among-lake differences in 
pH covering the range 6.0-7.5 (a ca. 3-fold range in hydrogen ion 
concentration) and alkalinity covering the range 22-243. Results from a 
one-year 3-lake reciprocal transplant experiment {Hinch M.Sc, thesis research) 
has shed additional light on the feasibility of using E. complanata as monitors of 
acidification and heavy metal concentrations when exposure to water turbulence 
is held constant. Growth in the first post-transplant year was not related to 
tHe acidity of the lake to which the clams were transplanted, but was strongly 
related to the source lake (in which the clam had spent its previous life). 
This suggests a strong "carryover" effect. Metal burdens after the first 
post-transplant year were also most strongly related to the source lake, as 
opposed to the destination lake. 

An earlier study on L. radiata (Green 1972) found that different aspects 
of shell morphology responded to an environmental factor interpreted as water 
turbulence, as opposed to another environmental factor which was interpreted as 
water chemistry. Stated simply, proportional shell thickness varied with water 
chemistry whereas overall shell size and extent of shell sculpture varied with 
water turbulence. Such a result suggests that response to a natural 
environmental factor such as water turbulence may be distinguishable from a 
pollution-related effect on water chemistry (e.g., pH and alkalinity). A 
similar result was found in these studies. In his 40-lake comparison of shell 
form Hinch found a factor indicating that longer, thicker shelled clams were 
related to increasing alkalinity, conductivity and pH. Almost as important was 
another factor which indicated that larger, more streamlined clams were related 
to more turbulent environments. 

It may be that growth rate and shell form are poor responses to use if one 
wishes to distinguish between natural environment variation and change caused 
by pollution, despite (in a sense because of) the sensitivity of those 
responses to the environment. What of other responses, ones that are more 
directly linked to types of pollution? For example, one would think that 
elevated levels of heavy metals in shell or in tissue should not be influenced 
by increased water turbulence. However other studies (refs. cited in Hinch and 
Stephenson 1987) have shown that, all else being equal (e.g., ambient 
environment metal concentrations and pH), the bioconcentration of metals by 
clams is influenced by their growth rate; thus if clams grow faster where there 
is more water movement it follows that metal concentrations in shell or tissue 
may differ even when concentrations in the ambient environment are the same. 

In any case there is the philosophical distinction between a response 
which indicates a change in physiological health (e.g., decreased growth rate) 
and a response which just substitutes a clam for another sampling device (e.g, 
chemical concentration in tissue or shell). The former is to be preferred. 
Also it turns out that there are severe technical problems associated with 
chemical analysis of shell (see section 4 below), so that concentration in soft 
tissue is the viable option at present - and that may provide a transient 
rather than a time-integrated picture of the pollution situation. As Hinch and 
Stephenson (1987) found, and Smith et a^ (1975) had found previously, the 
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concentration of metals in tissues does usually have some relationship to 
ambient metal concentration and to pH and alkalinity, but the relationship is 
not usually a simple one. It depends on the particular tissue, the particular 
metal and other factors. (See section 6 below.) Why not just do water and 
sediment chemical analysis for the heavy metals instead? After all people do 
not usually eat freshwater clams or eat the other species that do eat them (e.g., 
raccoons, freshwater drum). 

What about genetic response? This is covered in section 5 below, but it 
might be noted here that Nevo and co-workers (Nevo et a^ 1984, Baker et a2 
1985) have published evidence of selection for alleles at particular Tocl~by 
particular heavy metals, in marine shellfish. We are proposing future research 
related to this question. 

(3) Validation of Clam Age from Growth Rings : We now feel confident about 
our ability to age the unionids Lampsilis radiata and Ellptio complanata using 
annual growth rings in the shell, at least for lentic populations occurring at 
the latitudes of north shore Lake Erie and south-central Ontario. A thin 
section showing annual rings of L. radiata is in McCuaig and Green (1983). The 
temptation to skip the work of preparing thin sections should be resisted. 
Agreement between age estimates obtained from examination of external shell 
bands and those obtained from examination of thin sections is not good, and in 
most large specimens the older (outermost) bands are unreadable on the shell 
exterior. We estimated ages for specimens of three species of unionids from 
Atlantic Canada, in a collaborative study with Janice Metcalfe of Environment 
Canada (Canada Centre for Inland Waters). In the report of that study (Metcalfe 
et al 1987), the three unionid species are compared, different sites of 
collection are compared, the results of two different people who made 
independent estimates are compared, and for one species the results of 
estimates from external versus internal rings are compared. This study is 
discussed further in section 4 below. 

Annual rings are usually clearer in freshwater than in marine species 
because there is no shell structure induced by tidal cycles. They are clearer 
in lentic populations than in lotic populations of freshwater clams because 
there is no shell structure induced by variable flow rates. Some unionid 
species are easier to age than others, and L. radiata and E. complanata are two 
of the easiest. Therefore it should be kept in mind that Tn our MOE-funded 
studies we have been working with the optimum situation for aging clams using 
their shell annual rings. 

We have used three different approaches. One, the Walford Plot technique, 
is described and used in Green et al (1983) and in McCuaig and Green (1983). 
Here the external rings are measure3, the lengths of the clam at two successive 
annual rings are plotted against each other, and the size-vs.-age growth curve 
is derived (for a sample of clams). Thin sections of shells of some or all of 
the clams are also prepared and examined to verify that the measured external 
rings are really annual rings. The advantage of this approach is that absolute 
ages of two rings need not be known, only that they are two consecutive years. 
The disadvantages are that external shell rings must be readable to some 
extent, and also that one does not directly obtain an age estimate for an 
individual clam (although one can do so indirectly by back-calculation from 
length). The second approach is to prepare thin sections of the shells of all 
the clams to be aged, and count the number of internal bands (preferably 
several independent counts by different people). Direct counts of annual rings 
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were done for the three unionid species from Atlantic Canada, as mentioned 
above; for L. radiata in the Long Point Bay study; for E. compUnata in the 
Muskoka-HalTburton lakes study; and in the Baptiste Lake preliminary research. 
This approach produces an age estimate for each clam, but is sensitive to 
missing annual rings on the one hand or false rings on the other - that is, 
obtaining the correct age at a given ring depends on an accurate count up to 
that ring. If the count for a given ring is incorrect then all "later" rings 
will be incorrect as well, and the cumulative error can be large for older 
clams. A third approach is to collect clams, measure and mark them and return 
them to the habitat for at least a full growing season - preferably for a full 
year. Then they are collected again and re-measured, yielding size-specific 
growth rates from which the size-vs-age growth curve can be calculated. If the 
clams are returned to the habitat for exactly a year then the Walford Plot 
method can be used to derive the curve. This method is the most accurate - for 
that given year. But that year may be an unusual one, and the clam may be 
disturbed by the collection, handling and return to the habitat. Also no 
direct age estimate is obtained for each individual clam. 

In summary, all three methods have their strengths and weaknesses. The 
wise researcher will use all three, or however many are possible, when he can. 
Good agreement among age estimates, or estimated growth curves, obtained by 
different methods is the most convincing evidence. We have used methods I and 
2 for ageing a clam population whenever external annual rings seemed readable. 
Use of method 3 in association with the reciprocal transplant experiment done 
on L. radiata in Inner Long Point Bay was limited by the fact that the clams 
were only returned to the habitat for ca. 4 months (June - October), and the 
proportion of annual growth represented by that period of time is uncertain. 
Hinch's one-year 3-lake reciprocal transplant experiment, mentioned in section 
2 above, should provide an opportunity to use all three methods on E. 
complanata in control groups (clams not moved between different lakes). 

(4) Clam Shell Composition as a Monitor of Environmental Pollution : At the 
beginning of the three-year grant period, we placed heavy emphasis on research 
to assess the potential for using chemical composition of shell as an indicator 
of chemical pollution of the environment in which the clam lived and formed its 
shell. The results were disappointing, though not out of line with what others 
have found when they went beyond a superficial assessment. 

Much of the technical work on this problem was done by Cynthia Walker, who 
was my technician until February 1985. Her background included extensive 
training (both as a student and as an employee) in analysis for heavy metals at 
the Trent University environmental studies program. We found that in practice 
she was often showing the UWO Geology Dept. Faculty and students how to best 
use their own analysis equipment (e.g., atomic absorption spectrophotometer). 
Besides the analyses that she conducted herself, Cynthia Walker also trained 
other people in my lab - such as Scott Hinch - to do analyses for heavy metals. 
Financial support was from three different sources: Environmental Protection 
Service of Environment Canada (Edmonton) re. detection of effects of an oil 
spill in shells of arctic marine species; National Water Research Institute of 
Environment Canada (CCIW, Burlington) re. detection of mercury and arsenic in 
shells of three unionid species from habitats polluted by mine waste in Nova 
Scotia (see section 3 for previous reference to this study); and the Ontario 
M.O.E. grant support re. detection of contaminants in unionids generally. 

Besides the paper submitted to the M.O.E. Technology Transfer Conference 
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(Green and Hinch 1986), our results of these studies are reported in Metcalfe 
et al_ (1987). A summary follows. 

A number or workers have recently suggested that analysis of contaminant 
concentrations in shell holds great promise and may offer several advantages 
over the use of soft tissues (Imlay 1982; Koide et al 1982; Fang and Shen 1984; 
Carell et al 1987). Shells may retain a record of contaminant levels over many 
years, and the concentration factor (shell concentration relative to ambient 
environment concentration) may be greater than for soft tissue. Correlations 
with pollution may in some cases be higher (e.g., Koide et al 1982). Other 
workers, however, have found problems in analysis and problems in 
interpretation of results (Lutz 1981, Dermott and Lum 1986, our results, and 
others). We have the impression that in this area of research there is a 
strong negative correlation between (a) enthusiasm for the potential of 
contaminants in shell as a reliable monitor of past and present environmental 
pollution and (b) the amount of research that had been done on the subject and 
the depth of experience acquired. 

The problems can be divided into three categories. First, there are 
analytical problems £er se, such as low contaminant concentrations, calcium 
interference, and simTTar. Second, there are problems related to 
interpretation of results because of the influence of factors other than the 
ambient environmental concentration of contaminants or the degree of 
acidification. The age and size of the clam, its growth rate at the time of 
the impinging contamination, change of the concentration of the contaminant in 
the shell after initial deposition (due to diagenesis for example), and 
metal -specific behaviour in deposition can all affect the result obtained. For 
example, Dermott and Lumm (1986) found in a study on Elliptio complanata that 
different metals behaved differently in deposition near a pollution source, in 
chronological trends within the shell prismatic layer, in relationship with 
clam age, and in relationship with times of fastest growth rate. Third, there 
are problems directly related to the attempted use of chronological layers laid 
down in shell for the purpose of reconstruction of an environmental 
contamination history (over the life span of the clam). This is one of the 
more attractive possibilities where unionid clams are involved, because most 
species live for at least a decade, and some live for two decades or longer. 
Unfortunately one is usually reduced to a very small sample of shell to analyze 
if one wants to do separate analyses, annual layer by annual layer. 
Furthermore, those techniques which do not require separation of the shell into 
annual layers before analysis tend to be less sensitive or less reliable, 
whereas the methods commonly used to separate annual layers can easily change 
the contaminant concentrations. 

These problems are also discussed extensively in Green et al (1985). 

We analyzed shells from several sources, including unioniis from Lake St. 
Clair (courtesy of P. Hebert and C. Pugsley, U. of Windsor) and from mine waste 
contaminated Nova Scotia lakes (Metcalfe et al_ 1987). In both cases we know 
contaminant (metals) concentrations in seHTment and in clam soft tissues; they 
were high. Our attitude was that we should be able to detect the metals in 
shells of clams from such polluted sediments, or there was no point in trying 
to do so for monitoring in slightly polluted environments. Our results were 
similar for clams from all sources - here I will concentrate on the Nova Scotia 
material. Specimens of Elliptio complanata and Anodonta implicata were used, 
and analyses were done for As, Hg and Pb, which were in hiqn concentrations in 
soft tissue and were known pollutants in the habitats concerned. The electron 
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microprobe (EM) and the more sensitive secondary ion mass spectrometry (SIMS) 
were used as "step scan" probe techniques which could estimate elemental 
concentrations in different shell layers across the edge of a polished thin 
section of shell. The EM has a sensitivity of about 200 ppm whereas SIMS can 
achieve a detection limit as low as 1 ppb for some elements. No reliable 
estimates were obtained with the EM because of its poor sensitivity. With SIMS 
it was possible to detect these elements using extended counting periods, but 
variability was high. This method is time-consuming and very expensive. A 
number of improvements to the technique may be possible (see Metcalfe et a^ 
1987 p. 26) but we did not pursue it. If specially prepared standards are used 
that are appropriate for calcified tissue, with special sample holders to 
control surface charge-up, and interferences are somehow reduced, then this 
method may prove useful. 

We also tried atomic absorption mass spectroscopy but calcium interference 
proved to be a major problem. Digestion to remove calcium but not change metal 
levels was difficult. We applied all methods to known standards as well as to 
test material. Attempts were made to separate shell layers before AA spec 
analysis, using heat shock and also using oxidants, but apparently this drives 
off metal-containing material (perhaps organic constituents are oxidized), 
because the sums from the layers did not add up to the total for unseparated 
shell layers. Little is known about how contaminants are bound within the 
calcium carbonate matrix (Koide et a^ 1982, Fang and Shen 1984, Swann et a^ 
1984). 

In the end, we decided that the state of the methodological art had to 
advance significantly before analysis for contaminants of shell would be a 
useful tool for pollution studies. It seemed that such advances would probably 
occur in geological or nuclear chemistry laboratories, and that our efforts 
were better put elsewhere. For example, we were aware that Dr. Michael Risk's 
lab in the Geology Dept. at McMaster University was working on the calcium 
interference problem. Carell et a2 (1987) describe impressive results obtained 
using a new analytical technique, the proton microprobe, which appears to 
combine the step-scan capabilities of the EM and SIMS with high resolution and 
reliability. We await further validation of these new methods with great 
interest. 

(5) Genotypic Basis for Phenotypic Plasticity : To what extent is there a 
genetic basis underlying the pnenotypic plasticity of response of unionid clams 
to varying environmental conditions? Does the genotype, as well as the 
phenotype, track environmental change? 

Most of the research on this aspect was done by Robert C. Bailey, in 
pursuit of a Ph.D. which he was awarded in May 1987. The information is in his 
thesis but several papers are also in preparation. The unionid species studied 
was Lampsilis radiata , mostly in Long Point Bay, Lake Erie. 

Morphometric and annual ring analysis of L. radiata from Inner Long Point 
Bay showed that individuals from more exposed, sandier areas were faster 
growing and had thicker shells (Bailey and Green in press). Could this spatial 
phenotypic variation have a genetic basis? Electrophoretic analyses indicated 
little divergence in frequencies of allozymes at the two gene loci PGM and PGI 
over the area of the Inner Bay. Other enzymes were checked but proved to be 
monomorphic (MPH), not detectable (AO, LDH, G6PDH), or poorly resolved (LAP, 
HEX). All these results suggest low genetic variability. Moving to a larger 
geographic scale, there were no differences in genotype frequencies between 
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Long Point Bay L. radiata and ones from Lake St. Clair and the Detroit River 
(data of P. Hebert, Univ. of Windsor). Only when one looked as far afield as 
Balsam Lake on the Trent-Severn waterway were genotypic differences from the 
Long Point Bay population found at the PGI locus (fixation on the slow PGM 
allele). There were some differences in frequencies at the PGM locus between 
areas of differing exposure in Inner Long Point Bay (fewer heterozygotes at 
lower exposure), but at a very low level. Certainly reproductive isolation 
within areas of the Inner Bay would not be a sustainable hypothesis. In two 
transplant experiments (on L. radiata between sand and mud in Inner Long Point 
Bay, reported in Hinch et aT 1986; and on E. complanata among three lakes of 
differing water chemistry in the Muskoka-Haliburton area, reported in Hinch's 
M.Sc. thesis) a "source effect" was important in predicting growth rate in 
transplants. That is, how clams grew was in part predictable by where clams 
were transplanted from. Superficially this suggests some genetic property, but 
it is also explained by early induction: early determination of expression of 
genes in a common genotype by the influence of particular local environments. 
Thus the growing clam adapts, grows in a manner typical of that environment, 
and continues to do so even when transplanted later in life to a different 
environment, 

Bailey investigated heritability of size and shape in glochidia (parasitic 
larvae) of L. radiata by comparing glochidia! morphological variation among and 
within families (50 glochidia from each of 15 female L. radiata ). Heritability 
was estimated to be 10-19 percent, which is low, about the same as for 
heritability of litter size in mice and egg production in poultry, but much 
lower than for plant height in corn or stature in humans (65-70 percent). 
Heritability of larval size in marine bivalves can exceed 50 percent (reviewed 
in Newkirk 1980). 

In summary, variation in morphology and growth rate of L. radiata appears 
to be largely phenotypic plasticity, unrelated to adaptation in the sense of 
any genotypic basis. However, it should be noted that we have only been 
looking at natural environmental variation, and that chronic point source 
pollution may indeed produce a genetic response. Nevo and co-workers (Nevo et 
al 1984, Baker et al_ 1985) have published evidence of natural selection for 
Tncreased resistance to mercury pollution in a marine mollusc. Allozymes at 
the PGM and PGI loci were involved, and these are loci which we have shown to 
be polymorphic in L. radiata . We are proposing further research related to 
this question, which will be based on field and laboratory genetic studies of 
unionid clams from one or two chronic point source heavy metal pollution sites 
in Ontario. 

Additional information on genetic bases for response to pollution will 
come from electrophoretic analyses which will be done in early 1988 on E. 
complanata which were involved in the 3-lake reciprocal transplant study 
carried out by Scott Hinch, in relation to lake acidification and heavy metal 
uptake. Both growth rate and metal burden of soft tissues showed a "source 
effect" in the transplant experiments. See sections 2, 5 and 6 for more 
information. 

(6) Influence of Pollution Levels on Clams : Studies of the influence of known 
pollution situations on growth rate, shell morphology and soft tissue chemistry 
have been carried out by Scott Hindi. He successfully defended his M.Sc. 
thesis in early December 1987. His studies were on Elliptio complanata in 
Muskoka-Haliburton lakes which 
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varied widely in their alkalinity and their vulnerability to acidification. 
(See also sections 1, 2 and 5.) 

As previously noted, one must carefully control for variation in exposure 
to water turbulence or that factor will outweigh the influence of water 
chemistry on growth rate. Hinch found this to be true, as did Green in recent 
studies on E. complanata in Baptiste Lake. Data from 40 lakes containing E. 
complanata that had previously been surveyed by MOE {see section 1) were 
analyzed for patterns in growth rate and shell morphology, and showed that 
larger and thicker shelled clams were related to increasing alkalinity, 
conductivity and pH. A separate relationship with coarseness of substrate and 
exposure was also found {more streamlined clams in coarser substrates). 

In a comparative study contrasting the clams in Tock (alkalinity 22, pH 
6.0) and Beech (alkalinity 238, pH 7.2) lakes, Hinch and Stephenson (1987) 
found that metal concentrations in the clams reflected the levels in the lakes. 
That is, absolute levels of Cu, Cd, Zn and Mn are greater in Tock, but Mn and 
Zn levels relative to Cu and Cd are greater in Beech. These differences are 
consistent with other information about the biological interactions of metals 
and effects of acidification. Beyond this generality the concentrations of 
metals were a complex function of tissue type, of the particular metal, and of 
the size and the age of the clam. In other words, the story is far from a 
simple one. Concentrations in gill were often twice that in the body. Both 
size and age of clam generally contributed to metal concentration, but the 
relationship varied with tissue type and metal. 

A large-scale reciprocal transplant experiment was done among Beech, Bark 
and Tock lakes (Bark: alkalinity 153, pH 6.3) in fall 1985, with controls 
(clams handled, marked and measured as were transplanted clams, but returned to 
the same site in the source lake). Degree of exposure to turbulence was held 
constant. A year after the transplants, the clams (including the controls) 
were recovered, with an 85 percent recovery rate. Growth over the year was 
determined, as were concentrations of selected metals. The results may be 
summarized as follows. 

The pollution situation to which the clams were introduced (the three 
different lakes covering a 6.0-7,2 range of pH and a 22-238 range of 
alkalinity) had little effect on either the first post-transplant year of 
growth or on the soft tissue metal burdens as measured at the end of the first 
post-transplant year. Since metal analysis is destructive, there is no 
information about pre-transplant metal levels for these clams; however we have 
metal levels for the control clams. Any "destination lake" effect, or 
"source-x-destination interaction" effects, were small relative to the "source 
lake" effect and involved Bark Lake which was intermediate in water chemistry 
between the other two lakes and therefore can not represent an acidity effect. 
The implication of this reciprocal transplant experiment appears to be that 
when environmental biologists transplant clams in order to monitor sites that 
are possibly polluted, they should be aware that the clams' subsequent growth 
and metal burdens may be heavily influenced by the clams' previous history of 
environmental influences. 

Bailey and Green (submitted) report density and age-structure changes over 
the period 1972-1986 in a population of the unionid Anodonta grandis , changes 
which may be caused by hydrocarbon pollution. This is based on re-sampling by 
Bailey in 1986 of a population that Green (1980) studied in 1972. 



I 
I 



11. 

(7) Predictive Models of C1am Responses : Our last objective was to build 
models which predict components of variation due to natural environmental 
variation, and to pollution, thereby permitting the predictive distinction of 
the one from the other. 

We have achieved this in some regards. For example, Hinch and Bailev (in 
press) have derived a components of variation ANOVA model (Model II ANOVA) 
which quantifies the growth and morphological variation attributable to 
exposure as opposed to among-lake differences (surrogate for differing water 
chemistry). Hinch and Green (in review) did the same re. extent of shell 
etching (erosion). Green has derived a predictive model which accounts for the 
influence of exposure on growth rate and shell morphology around the edge of a 
small island in Baptiste Lake. Metcalfe et a^ (1987) derived growth models for 
3 species of unionids at two Nova Scotia sites differing in degree of pollution 
by As and Hg. Growth rate for Elliptio complanata was significantly lower at 
the more polluted site. 

Summary and Recommendations 

We have approached the question of using freshwater clams as indicators of 
environmental quality on a broad front, considering responses at levels ranging 
from genetic and physiological to population and community. Research was a 
combination of field observational studies, manipulative experiments in the 
field (reciprocal transplants), experiments at the mesocosm level (experimental 
ponds), and laboratory experiments and analyses. State-of-the-art technology 
was employed throughout, from SCUBA techniques in field work, laboratory 
culture for larval development (of glochidia whose culture has only been 
possible for about a decade), electrophoresis and microelectrophoresis for 
allozyme determinations in genetic studies, the most modern analytic techniques 
for metal and isotope analysis in tissue and shell, to sophisticated 
statistical techniques for describing multivariable responses. Good 
experimental and statistical design was used throughout. Ph.D., M.Sc, and summer 
NSERC projects were supported, and all completed successfully. At this point, 
three years from the start of the grant, 5 papers presenting results are in 
print (not counting a Ph.D. and an M.Sc. thesis), 3 are in press, 4 are in 
review, and 12 presentations at meetings and conferences have been given. 
Probably 4 or 5 more papers presenting results from this work will be 
published. Promising research to continue along two lines is indicated. 

We think this is a credible record of achievement related to the 3 years 
of MOE grant support which we gratefully acknowledge. 

There are a number of practical consequences and recommendations arising 
from our results: 

1. Natural variation, e.g. in growth rate, shell morphology, contaminant 
levels in shell and soft tissue, can easily mask responses to pollution. 
The natural variation may be among individuals at the same location, due 
to differences in age, size, etc., or it may be among habitats in the same 
lake (e.g. differing in exposure to turbulence), or it may be among 
habitats in the same lake (e.g. differing in exposure to turbulence), or 
it may be among lakes for reasons unrelated to the pollution gradient 
(e.g., the "oddness" of Bark Lake in our studies). Unless the design of 
studies and the statistical analyses are carefully planned, the results 
obtained may be uninterpretable or - even worse - misleading. Designs 
must be balanced with respect to clam ages and sizes, and with respect to 
exposure to turbulence and the resulting substrate type differences. The 
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only safeguard against odd lakes influencing results is to include enough 
lakes in the study to diminish the influence of an odd lake, and if 
possible to use "among lakes within a pollution level" as the error term 
in any tests of pollution effect. This would avoid pseudoreplication and 
ensure that an odd lake would have a conservative effect (reduce the 
likelihood of obtaining a significant pollution effect) rather than a 
liberal one (falsely causing a significant pollution effect). 

2. The way a clam responds to a transplant into a new environment appears to 
be very heavily influenced by the environment it had lived in for all its 
life before it was transplanted. Therefore any attempt to monitor an 
environment using introduced clams should, at the least, obtain all clams 
from the same habitat in the same lake (and preferably clams of the same 
age and size). However, even if this is done it may not be possible to 
compare studies in which clams were obtained from different sources. 

3. Some unionid clams can be aged reliably from shell annual rings (e.g., 
Elliptio complanata, Anodonta spp.), but older individuals (>ca. 10 yr) 
are more difficult to age with accuracy. Estimates of age or of size vs. 
age curves should never be based on shell external rings alone. At least 
some shells should be sectioned, and internal bands examined, to validate 
the external "annual" rings. If possible, age estimates from external 
rings and/or counts of internal bands should be validated by a 
mark-recapture experiment. 

4. The use of mollusc shell as a record of contamination history is an idea 
whose time has not yet come. There are promising new techniques on the 
horizon, but even if they solve the current analytical problems there will 
still be problems in interpretation caused by variation in shell 
contaminant concentrations due to growth rate, time since deposition, 
contaminant-specific deposition processes, etc. Simplistic 
interpretations of contaminant concentrations in shell should be avoided, 
and should be accepted with caution when it is the work of others. 

5. Allelic frequencies do not appear to vary in any important way in response 
to environmental variation. Therefore the environmentally determined 
phenotype (e.g., in shell size and form) that we see is probably based on 
a phenotypic plasticity not determined by a varying genotype. This may in 
fact be good news, because (a) we do not have to worry much about genetic 
determination when predicting environmental quality from clam phenotype, 
and (b) if we do find loci which have alleles that respond to particular 
pollutants then such a response will not be masked by high genetic 
variation caused by natural environment. 

6. Metal burdens in soft tissue are roughly indicative of the concentrations 
of those metals in the lake, but there are complex relationships with 
tissue type, what the particular metal is, clam age and size, and probably 
other factors as well. In addition, if the clam is a transplant from 
another lake, then its metal burden will probably reflect the source lake 
more than the destination lake for an uncertain time period (at least a 
year). 

7. Predictive models for environmental monitoring can be usefully based on 
responses by unionid clams. Two aproaches are suggested. General quality 
of environment, integrating all influences whether natural or 
pollution-related, can be predicted from age-specific growth rate 

and shell morphology. Pollution effects attributable to a particular 
type of pollution may be predictable using locus-specific allelic 
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responses at the genetic level. Research to develop these two approaches 
is planned. 

Recommendations for Further Studies: However, despite these achievements, we 
feel that this is more an area for further research and development of models 
than it is an area where we can rest on our laurels. We have done much 
necessary groundwork, establishing the levels of natural variation at various 
levels - in growth, in shell morphology, 1n tissue metal burdens, and in 
allelic frequencies. Now we propose to continue along two lines. One is to 
accept that the most sensitive response by unionid clams to environmental 
quality (in the sense of suitability for growth and for high levels of 
secondary production) is growth rate, which is easily measured from shell 
annual rings. We propose to build a model which predicts benthic secondary 
production (emphasizing infaunal species important to fish) from clam growth 
rate parameters, which will be demonstrated to relate to exposure, depth, water 
chemistry, and other environmental factors. Eventually intensities of selected 
types of pollution will be included. Initially this project will continue from the 
Baptiste Lake work already under way, probably involving a Ph.D. student, and 
then it will extend to other lakes as well. 

This first line of approach is one which in effect abandons the search for 
the "silver bullet", the biological response which indicates a particular kind 
of pollution. Instead it focuses on a response which integrates all influences 
and indicates whether, all natural and pollution-related environmental factors 
considered, the clam is "happy". If it is growing fast and converting food 
into tissue and shell at a high rate then presumably the mix of influences on 
it constitutes a good mix, and presumably it is a good mix for useful 
secondary production in general (not just by the clam population). But of 
course this does not permit a backwards-calculation to what the intensity of a 
particular kind of pollution is. The second line of approach is to seek the 
silver bullet at the genetic level, to follow up on the idea of Nevo and 
co-workers that there is a genetic response to metal pollution that may be 
quite specific. Here we would build a model which predicts a particular shift 
in the frequency of allozymes at a particular locus, such that when we see that 
shift it would be evidence of that particular kind of pollution. We would 
proceed in stages. One or two chronic point-source pollution sites involving 
heavy metals would be chosen. (Sites suggested by Peter Kauss of MCE have 
already been visited.) Clams above and below the source would be analyzed for 
metal burdens, and then larger numbers would be analyzed electrophoretically for 
allelic frequencies at selected loci. Any above-below differences would be 
followed up by laboratory selection experiments (differential survival by 
genotype under metal pollution stress). 
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ABSTRACT 

I measured a correlation between the habitat of a 
freshwater mussel , Lamps 11 is radlata sillquoidea (Barnes 
1823) , and its shell morphology and growth rate. I then 
tried to determine the source of morphological and growth 
rate variation (environmental or genetic) , and whether or 
not the pheno type/habitat correlation was due to 
differential adaptation, 

Morphometric and annual ring analysis of mussels from 
Inner Long Point Bay, Lake Erie indicated that L. radiata 
from more exposed, sandier areas of the bay were faster 
growing and had thicker shells than those from less 
exposed, muddy areas. Variation among exposure areas in 
allozyme pheno types of two gene loci (PGM and PGI) showed 
little evidence of genetic divergence. Statistically 
significant heterogeneity among exposure areas in PGM 
genotypes was small relative to that between mussel 
populations in Balsam Lake (in the Trent-Severn watershed) 
and the lower Great Lakes. Heritabilities of glochidia 
shell dimensions were low (<20%) , providing little evidence 
of past or present disruptive selection of shell 
dimensions. Substrate preference was displayed by the 
mussels in experimental ponds. Lj. radiata preferred a 
finer, more heterogeneous substrate over a coarse sand, and 
larger mussels showed a stronger substrate preference than 
smaller individuals. Such habitat preference could 
Influence the breeding structure of the population near the 
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borders of habitat areas. 

A laboratory experiment using L^. radiata from Inner 
Long Point Bay showed that the optimal shell morphology for 
burrowing depended on the substrate the mussel was placed 
in. Less obese, thinner -she lied mussels were better 
bur rowers in sand; the converse was true in mud. The 
pattern of optimal burrowing morphologies found in the 
laboratory experiment did not accurately predict 
morphological variation in the natural population. This 
could be because of i) a poor fitness surrogate 
(burrowing) , ii) lack of important environmental variation 
in the experiment (e.g. turbulence), or iii) a 
non-adaptive pattern of morphological variation in the 
natural population. 

In summary, variation in the morphology and growth 
rate of L^. radiata is caused by phenotypic plasticity. 
The observed correlation between shell phenotype and 
habitat may represent differential adaptation, but an 
experiment where other fitness correlates are measured, and 
more realistic environmental variation is incorporated, is 
needed to test this hypothesis . 
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I meuuicd the correlation between i major environmental gradient in Inner Long Point Bay, Lalce Erie, and 
the species richnes* of macrophyte and roolluic communities. This gradient of wind and current induced ex- 
posure in the benihic habitat was negatively corielaled with macrophyte species richness (r « - 0.68, p < 0.001 ). 
positively correlated with richness of the fingernail clam guild (r - 0.58, p < 0.001), and uncorrelated with the 
snail (r - 0.53) and fillerfeeding miasd (r » 0.18, p - 0J7) guilds. 1\*o modds to explain the observed correla- 
tions are presented and compared. The "accelerated/retarded irajeaory" model predicts that a disturbance 
such as exposure will either accelerate or retard the movement of a community to a general equilibrium, depend- 
ing on the selectivity of the disturbance. The "gradient of equilibria" model postulates changes in the competi- 
tion coefficients themselves with increasing disturbance, ultimately causing variation in species richness. 



Introduction 

Ecologists have long searched for some explanation 
of variation in species richness. Why do some 
habitats support numerous species of the same guild 
while others are relatively depauperate? It is com- 
monly held that if a community is at "competitive 
equilibrium" (Huston, 1979) and there is no short- 
age of colonizing species, there will be as many spe- 
cies present as can be accomodated by the niche 
space (abundance and diversity of resources) availa- 
ble. However, predation or abiotic disturbance RUy 
act to keep population sizes below the "niche con- 
trolled" eq uilibrium densities and thereby reduce the 
intensity of competition in the community. Richness 
has often been observed to increase in response to 
such "intermediate disturbance" (e.g. Conneil, 1970, 
1978; Dayton, 1971; MengCi 1976; Paine, 1966, 1971, 



1974; Keddy. 1983. 1984. 

Yodzis (1978, 1985) argued that the effect of an in- 
termediate levd of disturbance on species richness 
depends on both the nature of the community and 
the selectivity of the disturbance. As an oample. he 
cites both theoretical (Yodzis, 1977) and empirical 
(Addicott. 1974; Risch 4 Carroll. 1982) evidence for 
the hypothesis that species richness actually declines 
in niche controlled communities exposed to non- 
seleaive disturbance. 

Niche controlled communities pcobably reproenl 
the traditional view of how cotiununities are struc- 
tured. But Yodzis (1978) also defined two kinds of 
communities (dominance and founder controlled) 
panicularly relevant to benthrc plans and animals. 
Species can co-ccist in such systems without niche 
differentiation because of pure competition for 
space Dominance controlled communities are those 
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what the species compete for ipace and there is 
wme, possibly cyclical hierarchy of ability to occupy 
and displace others from the space. Speda in found- 
er controlled communities also compete only for 
space, but the "winner" of a given piece of space is 
determined larcely by which species occupies it first. 
This is primarily a function of the relative speed of 
colonization of the member species. 

Yod2is (1978, 1985) predictions of the effects of 
disturbance on each of these community types basi- 
cally reflect either an acceleration or a retardation 
of a community's movement to equilibrium, [f dis- 
turbance seleaively impacts sub-dominants, they 
•le eliminated more quickly from the community 
and lower richness results. If disturbance primarily 
impacts the dominant species, elimination of sub- 
dominants is prevented or retarded and increased 
richness results. I will call this an "accelerated trajec- 
tory" or "reurded trajectory" model of varying 
richness, depending on the impact of the distur- 
bance. 

Another possible cause of variation in species 
richness along a disturbance gradient is covariability 
of the competition coefficients with the disturbance. 
A single dominant species in a habitat with little dis- 



turbance may be a poor «>mpetitor in more dis- 
turbed areas. Its replacement by several species in 
habitats with significant disturbance may mimic the 
predictions of Yodzis' model, but the changes in 
richness would be the lesult of new equilibrium 
points along the disturbance axis rather than ac- 
celerated or letarded movement to a general 
equilibrium. I will call this a "gradient of equilibria" 
model. 

In this study I measured the relationship between 
an etrvironmental gradient of disturbance (wind and 
current induced turbulence or "exposure" in Inner 
Long Point Bay, Lake Eric) and the species richness 
of freshwater molluscs and aquatic macrophyies in 
the bay. I will show that both of the models described 
are consistent with the data, and I will propoK ex- 
periments which will increase our understanding of 
how species richness varies in these communities. 



Materials and methods 

In June, 1984, II transects were sampled by boat in 
Inner Long Point Bay, Lake Erie (Fig. 1; 42'38'N; 
80 *24*W). Every kilometre along a tiansect the boat 
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was anchored and a umpling tile was established. 
Th« traiuecu were chosen in an effort lo equally al- 
locate the sites (o near ( < I km) and offshore areas. 
A total of 41 sites were sampled. 

At each site a plastic cimilar sampling fiame (14. 
- I m) was used to sample three randomly chosen 
subsiles within 5 m of the boat. I used SCUBA at 
each of the subsites to measure depth, hand-collect 
all mussels in the frame area, collect or site-identify 
macrophytes, take two sediment samples for small 
molluscs and sediment analyses respectively, and 
collect a water sample in a Pyrex stoppered bottle. 
All samples were placed in a cooler immediately. 

Within 12 h the mussels were cleaned and identi- 
fies, one sediment sample from each subsite was 
sieved and hand-picked for small molluscs (which 
were preserved in 40«fc ethanol), reference macro- 
phytes were places in a plant press, and the water 
samples were processed. The pK was measured with 
a Fisher Accumet pH meter (Model 136). Alkalinity 
and calcium were determined tithmeirically as 
described in ASTM (1978). 

Analyses of sediment samples from each subsite 
were done over a two month period, so the samples 
were kept frozen until analysis. Loss on ignition 
(LOI) of the sediments was estimated by drying a 
sample at 80C, cooling, weighing out a small 
(< 23 g) subsample, baking at 350 C for one hour, 
cooling, and reweighing. LOI was the proportion of 
weight lost during the baking process. Sand content 
was the percentage of a dried. 230 g subsample of 
the sediment which did not pass through a 
74 micron {No. 200) sieve after wet sieving. No sedi- 
ments contained any particles larger than coarse 
sand. 

Macrophyte identifications were made using Fas- 
set (1973). Ptescott (J962), and Cleason and Cron- 
quisi (l%3). Mussels (Unionidae) were identified us- 
ing Qarke (1981) and were verified by 3. M. Topping 
(Nat. Mus. Canada). Oarke (1981) and Mackie et al. 
(1980) were used lo identify the gastropods, and 
G. L. Mackie (University of Cudph) identified or 
verified the Pisidiidae. 

Environmental and biological data for each site 
were obtained by pooling data from the three sub- 
sites. Thus, If a species occured in only one of the 
three subsites at a particular sit^ it was considered 



"present" at that site. For och environmental varia* 
ble, the mean of the three subsites was used to repre- 
sent the site. 

The major etn^ironmental gradient in the bay was 
determined using principal component analysts 
(PCA; using SAS PROC PRINCOMP [SAS Insu- 
tute 1982) on the covariance matrix of the tog- 
transformed (except for pH) environmental data 
(atkalituty, caJdurn, pH, depth, % sand, LjOI). 
These variables adequately reflea both the water 
and sediment quality at each site, and are temporally 
stable relative to other possible descriptors. Log 
transformations were used to improve the linearity 
of relationships among the variables. Pearson corre- 
lations and scatter plots were used to assess the 
strength and nature of the relationship between the 
score of a site on the major environmental gradient 
(lA the fint principal component) and the species 
richness of the three moUuscan guilds (grazing gas- 
tropods, fiiterfeeding mussels, deposit- feeding fin- 
gernail clams). The relationship between the en- 
vironmental gradient and macrophyte species 
richness was also etamined by the same procedure. 



Results 

Substrate charaaeristics of Inner Long Point Bay 
were much more variable among the sites than either 
water chemistry or depth (l^ble I). This is also indi- 
cated in the results of the PCA (Tible 2; Fig. 2), 
which showed only one meaningful gradient in (he 
environmental data: mucky Oow ft sand, high LOI) 
to sandy (high ft sand, los LODsiles. I will interpret 
this as a gradient of "exposure" , or wind and current 
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induced turbulence in the bentluc environment. 

t found 14 jpecies of macrophytet in the bay (Tk- 
ble 3). Chan vulgaris and Vallisneria americana 
were the two moit common species. Three distinct 
guilds of molluscs »vre found (Ibble 4). There were 
nine ipedes of snails (Gaxtiopoda) present, with 
Amnicola Umosa and Pteumeen acuta each occur- 



Spccia 



Frequency 
(oui of 41 SIS) 



Anachvis canadcniift (Michx.) Rich. 

CCfUopiiylluin demcnum L. 

Qun vulfKru L. ZT 

Mynophyllum spKaium L. 1 

Niiai n«ulu (WiUd.) Rotili. M Schmidi I 

Ni(ell* rielilis (L.) C.A. Afvdh 

Potunotcion lUinoeniu Moronf. 

Poumogetoa crispua L. 

Poumoccion fUiformis Pen. 

Pocofliate^on iranuneiu L. 

Poumofcton pecunaluj L. 

PoumocAon prackMitut Wulfer,, 10 

VAlliiaeru AJiMrteafu Mktu. 26 



ing in over half of the sites. The most frequently oc- 
curing mussels (Unionidae) of the ten species found 
were Lampsilis radiata and Anodonta grandis. Of 
the 14 fingernail clam (Pisidiidae) species present, 
Pisidium nilidum was clearly the most common. 
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TMt S. Mcmiu, ranm, utdcorRlaiiaiuwiiliapodiftafmac- 
rOfiliyie uhI molluic ipecm ndwcu (n*4l). 



Frequency 
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CASntOeODA (uiaita) 
AmnkoU Umoa (Say, HIT) 
Canipdoffli dcciiuni (S«x, 1116) 
KcUiom* irivdjii (Say, Itl6) 
ManiiHua dactpu (Baker, 1921) 
Phyu lynna Sty, 1131 
Plniracen acuu lunnaqiK, 11)1 
Puudoiuccuw* colURMll* (Say. 1117) 
Vtlvwa ancera Say, 1114 
Valvaia trkariaau (Say, HIT) 
UNIONIDAE (muudtl 
Anwloau tn'H'u Say, IU9 
Amxlonlt imbcdUl Say, 1129 
EUipio dUaiaa (Raflnaquc, 1120) 
Fuicoaau navt (KarUiaqiM, 1120) 
LampitUi ladiau (CracUii, 1792) 
LammtUt veniiKoia (Barns. 1I2JI 
Liiumia nutiu (Say, HIT) 
PIcuroboBa cacaatum (C^nrid. IIM) 
PTOfxma aiau (Say. ItlT) 
ViUaia irii (Ln, ISIO) 
PISIDIIDAE (finiernail clami) 
Moscilliuin lacustn (Muil«r, 1T>4) 
Muiculiufn panitifkctiun (Say, 1122) 
Miunitiun traaivcmun (Say, 1129) 
Pnidiujn caserunum (Poll, 1795) 
Pijidiujn compreuum Prima, 1 152 
Pnidium •quilaicrak Prime, 11)2 
Piiidtuoi liUicimii Ckuon, 1M( 
PiSftdiuiD nttidua Jmyiu. 1132 
Piiidium mundatufli Prime, 1152 
Piiidium luMruncBzum Malm, 1833 
Pitidiuffl variabile Prime, 1132 
Paidiuiii Kiiificonim Prinx. 1151 
Shacnun conieum (Linnacul, 173t) 
Sphacriym slritliniuii (Lunark. III!) 
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nature of these correlations was clariried by compar- 
ing the five most exposed sites, with a mean LOI of 
0.6^ (range of 0,29 to 0.69fii) and a mean f* Sand 
of 94.9^ (82.5 - 99.2%), to the five least exposed 
sites, with a mean LX>1 o( 4J% (3.1 - i.Th) and 
a mean % Sand of 9.2% (6.6 - 11.4%), 

The five lowest exposure sites had a mean of 0.6 
(0-1) fingernail clam species and a mean of 3.8 
(3 - J) macTOphyte species. The only pisidiid specis 
found at these sites were Af. partumeium, P. nilidum, 
and P compreuum. Four of the five lowest exposure 
utes had Anacharis canadensis. Najas flexilis. Vol- 
fisneria americana, and Myriophyllum spicatum. 

The five highest exposure sites had a mean of 3.6 
(2-8) pisidiid species and 1 .8 (I - 3) macrophyte spe- 
des. Chara was the only macrophyte present in all 
five high exposure sites, and it occurred alone in two 
of thoe five sites. Of the rmgemail cairns, P. caseria- 
num occurred in four of the five sites, but no other 
species occurred in mote than two of the five sites. 



Discnssioa 



Although other macrobenlhos (i.e. insects, crusu- 
ceans) were found, they were not identified. The 
moUuscs were clearly dominant both numerically 
and with respect to biooiasi. 

The species richness of the macrophytes and the 
three moUuscan guilds are presented in Tiible 5, to- 
gether with their correlations with the exposure gra- 
dient (as defined by the PCA). The macrophyte and 
fingeniail clam assembles have strong, opposite 
correlations with the exposure gradient (Fig. 3). The 



77ie exposure gradient 

The fine sediments of Inner Long Point Bay origi- 
nate as deltaic deposits of Big Creek and Dedrick 
Cieek, the primary inflows (Heaihcote, 1981), with 
some contribution from decomposing macrophyte 
and plankton debris. The position of a site on the 
"^posure^ gradient defined in this study depends 
on the sources, transport, re-suspension, and ac- 
cumulation of [his fine material. This is determined 
by the location of the primary infiows (the southwest 
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corner of the bay; Fig. I) and the prevailing winds, 
which are froin the southwest (Kohli & Faiooqui. 
1980). Wind-induced shallow waves fWetzel, I97S) 
will cause increasing benthic turbulence as one 
moves away from the southwest shoreline. These 
winds alw generate surface seiches, with amplitudes 
U high as 2 m in Lake Erie (Wetzel. 1975), which will 
"flush" the pan of the Inner Bay not protected by 
lUrkey Point (the norhteastem gate of the bay) on 
a southwest/northeast axis. Considered together, 
these factors explain the distribution of high, medi- 
um, and low exposure sites in Inner Long Point Bay 
(Fig. 2). 



The macrophyte communiiy 

Cham vulgaris appears to be functionally dominant 
at sites with high oiposure, perhaps because it is bet- 
ter able to maintain attachment in more turbulent 
areas than other species. It is also much less reliant 
on nutrient upuke through roots than the an- 
gioipetms, so less organic sediments do not hinder 
its growth. Wilson and Keddy (1986a) argued that 
macrophyies with small rosettes are more resistant 
to wave damage than those with tall, leafy shoots. 



and thus are better competitors at high exposure 
sites. Cham, with its low-lying stalks and finely 
divided "leaves" also appears to be morphologically 
adapted to more turbulent habitats. In less exposed 
sites it may suffer from shading by the taller, 
broader-leafed species. 

Thtis, the correlation between species richness and 
exposure found in Inner Long Point Bay may have 
been caused by a "flip-flop" in competitive superi- 
ority as exposure increased (the "gradient of 
equilibria" model). When measured in an un- 
disturbed, organic-rich habitat, macrophyte species 
from tow exposure areas had greater competitive 
ability than those from high exposure site (Wilson 
A. Keddy. 1986a). But relative competitive ability 
may vary substantially if measured at different 
points along the disturbance gradient. Wilson and 
Keddy's results may have been different had their ex- 
periment been lepeaied in a more disturbed habitat. 

Alternatively, the leafy mactophytes may be con- 
sidered functional dominants that axe seleaively im- 
pacted by increasing wave exposure. Such a distur- 
bance should enable sub-dominants to maintain a 
presence and species richness to increase (Yodzis. 
198i). Wilson & Keddy (1986b) observed a decline 
in diffuse competition among macrophyte species 
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with incnasint exposure, which would support such 
a "FeUnted trajectory" model. The r^uction in 
richness observed in the present study may just rep- 
resent "excessive" rather "intermediate" distur- 
bance, and the inability of species other than Otara 
to resist local oainction at high exposure. Peaics in 
species richness at an intemediate level of oxposure 
have been observed in shoreline macrophyte com- 
munities (Keddy. 1983, 1984). 



The nngemail dam community 

There is evidence that both niche differentiation and 
dominance hierarchies help to structure nngernail 
ctam communities. Sphotrium and Muscuiiumipe- 
cies are epifaunal, while Pisidium spp. are inlumal, 
so these two groups may coetist in a giveii patch by 
niche differentiation. A field experiment has shown 
that inter-sped He competition between congeneric 
species of the Pisidiidae occun, and may be more 
important than intra-specinc competition (Mackic 
et aL, \91t: Conneil, 1983). 

Mackie el at. (1978) found Musculium iraraver- 
sum to be competitively superior to M. stcuris in 
shallow water, and prediaed that M. immversum 
would eventually eliminate M. stcuris in similar 
habitats if they occurred together. In deeper waien 
they found no evidence of inter-specific competi- 
tion. In this study M. ironsversum was aumerically 
dominant in areas of low exposure, Ifit is functional- 
ly dominant in these areas, perhaps its numbers are 
sufficiently reduced at high exposure for other spe- 
cies to coecisi. Either physical disturbance or in- 
creased pretlation by waterfowl in the exposed areas 
(Smith, 1979) may cause such a teduction in M, 
transvtrsum. Richness would be higher in the more 
exposed areas, as predicted by the "reurded trajecto- 
ry" model. 

Alternatively the exposure gradient may be cor- 
related with changes in (he dominance hierarchy, ef- 
fectively removing M. transversum as a lop competi- 
tor at high exposure, incitasing the proportion of 
contingent competitive interactions (Yodas, 1985), 
and thereby increasing richness. 



Noa-signlfkaal correiatloBs: Soails aad ansaeb 

The specia richness of two molluscan guilds (the 
snails and the mussels) showed no relationship with 
the otposure gradient. This was unetpected for the 
snails because plant richness was highly correlated 
with the gradient and macrophytes are an important 
component of the feeding and habitat niche of the 
gastropods. MacArthur A MacAnhur (1961) found 
with increasing structural diversity of the vegetation, 
the diversity of binis using the vegetation increased. 
The lack of such a relationship in my data may indi- 
ca i) lack of rem! structural diversity in the macro- 
phyte species or ii) broad niches with respect to mac- 
rophyte preference in the snails. I would tentatively 
reject the first hypothesis because of the diverse mor- 
phology of the macrophytes found. The second ex- 
planation seeou moie Ukeiy, in which case the ex- 
posure gradient is Ukdy having little general effea 
on t he life habits of the gastropod guild. The m ussels 
(Unionidae) appear to have adequate wiihin-species 
plasticity (eg. Kinch er aL, 1986) to be similarly well- 
buffered from the exposure gradient, at least at the 
community level. 



Cboosiag a model: Bcyood conrlatiooal data 

Both the "retarded trajectory" and the "gradient of 
equilibria" models have been used to explain the oh- 
served correlations between species richness and et- 
posure. The predominance of one or the other in oi- 
piaining field observations depends on one's 
knowledge of the competitive interactions in a com- 
munity at various points along a disturbance gra- 
dient. In panicular, the relationship between diffuse 
competition and the level of disturbance must be 
evaluated otperimcntally (e.g. Wilson A Keddy, 
1986b). If competition is important at intermediate 
levels of disturbance, changes in the dominance hier- 
archy with variation in disturbance must be meas- 
ured. If it is relatively unimportanL, then the selec- 
tivity of the disturbance and the availability of hardy 
species will determine the effect of the disturbance 
on species richness, as predicted In the "accelerat- 
ed/retarded trajectory" model. Competition may 
even be of little importance when disturbance (as de- 
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fined here) is minimal. Thui, although the dau are 
consisteni with both of the "compelition-baied" 
models discussed, neither may be an appropriate 
description of the system. The available evidence 
suggests that for mactophytes, diffuse competition 
is important at low levels of shoreline exposure, but 
reduced at higher levels (Wilson & Keddy, 1986b), 
supporting the "retarded trajectory" model. 
Although the same may be true for the nnemati 
clam community, clear evidetice is lacking. 
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TWo communities in Inner Long Point Bay, Lake 
Erie showed strong, opposite conelalioiu between 
species richness and exposure or turbulence in the 
benthic habiut. Mactophyte richness was negatively 
correlated (r - -0.68, p < 0.001) with exposure, 
while flngernail clam richness was positively cor- 
related (r - 0J8, p < 0.001) with the same gradient. 
IWo models, one which predicts changes in richnes 
as a result of a disturbance-caused decline in the im- 
portance of competition, and one which predicts the 
same changes as a result of a disturbance<aused 
change in competition coefficients, are used to ex- 
plain the data. IHts for determining which (if indeed 
eitber) of these models is appropriate are proposed. 



AckoowledgciDcnIs 

Scott Hinch provided valuable Held assistance, and 
w« had wonderful lab facilities and accomodations 
at the Long Point Bird Observatory. G. L, Mackie 
and J. M. Topping were both generous with their lax- 
onomic expertise. P. S. Keddy and P. Yodiis reviewed 
an earlier version of the manuscript and stimulated 
me with preprints and thoughiprovoking ideas. 
W. E. Neill, C. D. Ankney, H. Dupuis, and R. H. 
Ctcen also read the manuscript aad improved it with 
their comments. The study was supported by an 
NSERC Canada Operating Grant and an Ontario 
Ministry of the Environment Grant to R.H. Green 
and an NSERC Canada postgraduate scholarship to 

R.ca 



RcfereDces 

Addkgo, h K iV4. PmUiioa and prey ominiuniiy iinictuic: 

an apchmcnu] uudy of the effect of mosquito larvae on the 

prototoan cammunilio of pitcher ptanu. Ecoloiy. 35: 

413 -4W. 

ASTM, 1*7*. Aaniul book of ASTM tundanli. Part 31: <Uutl. 

Ameixui Sodcty for Itaiinf and Maictiali, PhiladcDhu. 
Clartic A. H. IMI, The fmhvater nolluKi of Canada. National 

Miueum of of Naiunl Seieneti, Otuw*. Canada. 
CoBiMll. J. K., 19?0, A pn^ator-pny lyium in the marine inier- 
tidalnaion. I. AafwiiuflonAteaodieMralpndaiorTtpedei 
of Vma. Ecetof. Mooofr. eO: 49- 71. 
Council, I H.. l9Tt. Oiieniiy in inipial nia fomu and coiml 

iTcfi. ScicDcx. \». UO2-I3I0. 
Coooct. J. H.. IN3. Oa tlie prevateiKC and relaim imporunts 
of imtnpecifk cooipoition: endence from TkIi apenmenu. 
Am. N«i. I22:M1-6M. 
Oaytoo, P. K.. 1971. Cotapaiiion. disturtwnn, and community 
orianiutioii: Ube praviiion and tuhiequent uiiiiiaiiofl of space 
ina rocky ioiertiilaJ conunuiiity. Ecolot Monoff. 41: 331 - 3t9. 
ihucu. N. C 1973. A manual of u)uauc planu. Univeniiy of 
/ Wltconiin Pmt. Madiion. 

bleaaon. H. A. A A. Cronouin. 19A2. Manual of vascular planti 
of nonheaoeni United States and adjacent Canada. D. Van 
Nottnnd Ca New. %rt. 
Heiihcotc I. W.. 1911. Major physical feaium of tons Point Bay 

and ia maienhert J. Cnt Laliei Ret. 7: 19-93. 
Hindi. S. C R. C. Baihy, * R. K. Green, I9M. Gnvth of 
Lampsilis ndiua (Bivalvia: Unionidae) in sand aiHl mud: a 
redpracal lAiuplant etperiment. Can. 3. Fis. Aqtiai. Sd. 43; 
54*-SJ2. 
Huston, M.. 1979. A icncnl hypothoii of species diversity. Am. 

Nai. 113: It -101. 
Keddr. P. A.. 1913. ShortliAC veteiatHiii in Aie Lake. Omano: ef- 
fects of aposvre on lorution patterns. Ecology. 64: 33 1 - 344. 
Keddy, P. A.. I9S4. Plant looalion on lakeshoirs in Nooi Seocia: 
a test of the resource ipeoaliiaiioa hypoihcsii. J. of Ecol. 72: 
797-SOi. 
Kohli. RAH. Farooiiui, 19(0. Naniicaki water niooemenu 

I96T-I9TI. 
Ontario Minitury of lite Envinmiseni. Toronto, Canada. 
Mackie. a U. S. U Qadti ± R. M. Reed. 1971. Siiniricance of 
tiller siac in Muscuiium srcuns (BivaJvia: Sphaerisdacl. Ecolo. 
fy. 39: 1069-1074. 
Mackie a 1^ a S. Whlu* T W. Zdcln. 19*0. A iitide lo the 
recent fRSlnma tnoUusa of tlie taurenuan Ciai Laker En- 
nronnxncal Rewaich Labontoo. U.S. EnwooiBental Pnxec. 
tion AtciKy. Mahinpon. DC 
MacArUtui; R. K. * J. W. MacAnhuc, I9»l. Oft bird speocs 

divcrsiiy. Ecolofy. 42: 394-39*. 
Mente, & A„ 1976. Orianuauon of Hie Neo Etifland rocky in- 
tcrtidil coouRunair: tola of pndation. compelitiisn. and en- 
vironineMai beieroteoeite. Ecolog. Monocr. 46; 333-393. 
Paiob R. T. 1966. I^Md «cb tmoipletiiy and ipcoca diotniiy. 
Aia. Nat. 100: 65-71. 



fi^ ?*<?/ - 9 



FWnc K. T, W\. A ihon-iaiii eipiniiMiiul in*c»i«*tioa of n- 

aouret paniiKHiini in a New Eb(I«ii<1 reck; inunidil liabiiM. 

Ecoloty. 32: lOW-IUX. 
Ptiac R. T. 1974. InUftidil oammiMiiy nrwiiur cMicrinMnuI 

iiudis on the reiiiionihip tm««ii i domiiuni compctlior and 

Ua prindpil axapniiw, Oacolofi*. M: n-t}0. 
Pnacoit, a W., IM2. Alfx of Uk xMcni Onai Laka aio. 

Wn. C. Brarn Co. DuduqiM, loot. 
IUacii.S. J. AC. R.C*m>U.t9C2.Erre«arak*]ruoaepndacRi(U 

aw. Soltitofsa ttmiK^a, on anhropodi ia a uopical 

afnxcoiynan. Ecolonr. U: I979-I9t3. 
SAS lutiiuu Inc. 1M5. SAS locr'i fuide: naiiuka. \taiiaa 3 

Editipn. Cary, Nr. 
Smiih, O. W., I9T9. Ecolotical lioiaiioii beiwecn Aibya i^icda 

u Lon( Pvm Ba)^ Ontana M.SC. Thoii, Univcnity a/ Wni- 



ern Onurki. Loadoa. Oaiaria 
Wllion. S. IX * P. A. Kcddy, IM6a. The ittatiofuhlp betwm 

pUat ca«pcutl%« abilKy awl poutkm aioni a naliiral iradicni 

of «!«< and diHui^aoci: a Md etpchmcu. Ecotofy On 

pccu). 
Wilvn, S. a * P. A. Kaddy. l9Wb. Meaiurint dirfux compni- 

uon akini an csvirofuntnial indKtu: mniu fraiti a ihonline 

pUnl conuniHiity. Am N«i. fin pnu). 
>bdiu.P.. I9T7. Hanotin* and limkini tinularily. AoL Nat. Ill: 

U1-M3. 
Wxtiia, P.. 1771. Compciition for tptct and iht uniciura ofice- 

loikal aHnmunitKi. Spu>|«r-Ucrtat, BtfUn. 
^tadhi. P. t9*S. Compctiiioa, moruliiy, and cammuniiy luvc- 

lurt. Is DUmood, 1. M. 4 T. I CaM (cdi), CofflBuaiiy Ecolo- 

ly. Haipcr and Roi'- itO-m. 



#3 



Vlthln-baaln Tarlation In tba Shall Morphology 
and Growth Rate of a Fraahwater Muasal 



Robert C. Bailay' 
Roger B. Green 

Ecology and Evolution Group 

Department of Zoology 

University of Western Ontario 

London, Ontario N6A 5B7 

{'eorreapondlng author; 519-679-2111 x6T89) 



( in press. Can. J.ZoolQgy ) 



BaiJley and Green, Page 1 



Bail«7, R.C., and Gr««a, 8.B. Within-basln rarlatloa In the shell 
■orpbolosT and crowth rata of a freabwater ■ussel. Cao.J.Zoolosf. 

IBSTKACT 

Ve Beasured a correlation between the habitat of the freshwater 

Buasal LaBpallla radlata alllauoldea (Barnes Ifl23) froB aeveral altea in 

Innar Long Point Bay, Lake Erie, and its shall Borpbology and growth 

rata. MorphoBetrie analysis revealed that ausaels in sore exposed areas 

of the bay (areas with Bore turbulence and aandler sedlBents) had 

thicker shells than those froa leas exposed areas (areas with little 

turbulence and suddier sediaents). Two growth rate analyses showed that 

the aussels froa high exposure areas war* also faster growing. The 

results deaonstrate the inportance of i) a aultirariate conaideratioo of 

shell fora (as opposed to the use of ratio variables) when assessing 

forn-habltat correlations, ii) quantitatively defining habitat variation 

in examining such relationships, and iii) aeasuring fora-habitat 

relationships anong Bore than two sites in a given basin or streao 

reach. 
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ZMTaODDCnOH 
Tbtrt Is a loDg history (r«vlew«d in Ball 1922; Eagar 1948; Tevasz 
and Cartar 1980] of observed correlations between the shell 
obaracteriatlcs (i.e. forn and growth rate) of unlonacean bivalves and 
their habitat. Three relationships coocerning exposure in the benthic 
habitat (shear stress In atreaas, benthle turbulaaee in lakes; see 
Bailey 1987) have been observed In many unlonid species : 

I) Shell size and thickness (I.e. growth rate) increase with 
increasing exposure. 

II) Obesity (W/L; Fig. 1) and relative height (H/L; Fig.1) of the 
shell decrease with increasing exposure. 

ill) Shells with straight ventral and arched dorsal margins (Fig. 

1) are found in areas of high exposure. 

Such observations usually have been only "senl-quantitative", with 
poorly defined habitat descriptors and frequent use of ratio variables 
to describe morphometric variation. A poorly defined habitat Units 
resolution in neasuring t1l% strength and nature of a relationship 
between habitat and shell forn. The use of ratio variables nay lead to 
misinterpretation of the trends present, as well as a significant loss 
of inforaation concerning the variation in shell aorphology (Green 
1986). Explicit consideration of allometric relationships among 
different shell dimensions (i.e. multivariate allonetry; Jolicoeur 1963) 
is preferable. 

Studies of freshwater mussels using more suitable morphometric 
and growth-rate analyses have been restricted to two eollectlng sites 
only of different exposures in a given basin (Hineh et al. 1986; Hineh 
and Bailey 1988). Mitchell and Collins (\96H) measured growth rates of 
Elliptio coBPlanata at several sites in each of 10 southeastern Ontario 
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lakM. Th«y concluded that aubatantial T«rlablllty in shell growth rates 
can occur within a basin. It may therefore be Insufficient to examine 
shell differences between mussels at two sites only in a given basin. In 
this study we examined variation in the shell form and growth rate of 
Lampsllis radiatt siliouoidea (hereafter "L:. radiata") collected from 
several sites in each of three areas of varying exposure in Inner Long 
Point Bay, Lake Erie (hereafter "IB"). 
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MiTEHULS im KETBODS 

In Saptenber, 1981, L. radiata w«re oollacted Id each of thr«« 
ar«as of IB (Fig. 2). Based on previously collected envlronaeDtal data 
(Bailey 1988), theae areas spanned a range of high, medlun, aad low 
exposure. This "exposure gradient" In IB was defined by a principal 
eoaponent analysis of the covariation of several eovironfflestal variables 
(pH, allcalinlty, calcium, depth, per cent sand In the sediment and per 
eeot loss on Ignition [LOI] of the sediment) at 1)1 sites In Inner Long 
Point Bay (see Bailey 1988). The major environmental gradient (first 
principal component] showed sites ranging from "mucky" (low per cent 
«and; high per cent LOI} to "sandy" (high per cent sand; low per cent 
LOI). This was interpeted by Bailey (1988) as a gradient of low to high 
"exposure" or turbulence In the benthic habitat. 

To verify that a range of exposure levels was sampled in this 
study, we collected sediment samples from each of the areas and 
•scored" the sites on the exposure axis defined in Bailey (1988). 
Several "very high" exposure sites were visited, but there were no L. 
radiata present. The mussels were band-collected using SCUBA searches 
vblch were based at three collecting sites within each of the three 
areas (Fig. 2). Horphometric data from mussels collected at the three 
collecting sites within each exposure area were pooled. This allowed 
variability among the collecting sites within an exposure area to be 
weighted by the number of mussels collected from each site. This could 
be deemed "sacrificial pseudorepllcation" (Burlbert 198t), so results of 
statistical tests reported must be considered liberal. The nature of 
differences between exposure areas, however, is more accurately assessed 
than it would be with a hlerarchial statistical design. 

Ue collected and measured 193 male L^, radiata (73 high; 77 medium; 
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43 low exposure). The females collected were excluded froa further 
analyses because Lj, fad lata Is sexually dimorphic with respect to shell 
for* (Clarke 1981), and there were too few fenales in the sample to 
properly characterise their morphology and growth pattern. 

The shells were cleaned, air dried, and weighed (in grams) with a 
Mettlar PCH400 electronic balance. The length, height, and width (Fig. 
1) of each shell were then measured (in mm's) with Mltutoyo 500-115 
Digimatic Calipers. Canonical varlates analysis (CVA; Reynent et al. 
198U), as implemented In SAS PROC CANDISC (SAS Institute Inc. 1985), was 
used to compare the shell morphology of mussels from the three exposure 
areas. Scatter plots showed allometric relationships among the 
variables, so (natural) logarithmic transformations of all variables 
were used In the CVA. 

To compare growth rates among the three exposure groups, we did a 
Walford plot analysis of consecutive annual ring measurements, as in 
McCuaig and Green (1983). Then we used analysis of covariance CANCOVA) 
to compare the Walford plot regression lines for mussels from each 
exposure level. Also, as an Independent comparison of growth in the 
first year of life, the length of the first annual ring was measured and 
compared among the three groups using one-way ANOVA. 
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BESOLTS 
TariatloB In Shall Norpliolo^ 

CVA showed that there was a highly significant difference In shell 
morphology among L. radiata from the three exposure areas (Table 1). 
Only the first canonical axis was important In describing differences 
among the groups. The mean canonical scores for mussels from each of the 
three exposure levels, together with the standardised and structure 
coefficients (Table 1), indicated that as exposure Increased, shell 
thickness (i.e. weight/length ratio) increased. Tbl« la illustrated with 
a 95$ confidence ellipse of the mean weight and length for each group 
(Fig. 3). Ill three groups bad about the same (geoaetric) mean length 
(59mm), but the average shell weights at this length were 21. 1g (high 
exposure), l8.5g (medium exposure), and 17. Ig (low exposure). 
Tarlation in Shell Growth Bate 

ANCOVA of consecutive ring measurements (the Walford plot 
technique) showed that the estimated time to reach asymptotic size was 
the same in the three groups (i.e. the slopes of the Walford plots were 
the same), so I compared the absolute growth rates (I.e. the intercepts 
of the Walford plots). There were significant differences (p<0.001) 
among the three Intercepts (Tables 2,3), and a posteriori contrasts 
Indicated that mussels from the high exposure area had significantly 
(p<0.01) faster growth rates (i.e. larger Walford intercepts) than those 
from medium or low exposure areas. Growth rates of mussels from the low 
and medium exposures were statistically indistinguishable (p>0.5). The 
von Bertalanffy growth curves derived from the Walford plot analysis (as 
described in McCuaig and Green 1983) indicate the faster growth of the 
high exposure mussels (Table 3; Fig. 4). 

In another independent comparison of growth rates, length of the 
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first annual ring also dlffared significantly anong the three groups 
(r«13.7; df»2,150; p<0.001). Again, growth was faster in ausaela fron 
relatively high exposure areas (means : hlgfa=13.6am; mediums12.6fflm; 
lows11.2n). 
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DISCUSSION 
TarlmtloB la SieU Morphologr 

OrtBann (1920), in coBpillng evidence for wh»t later becaae known 
as "Ortnann's Law" (Buaaela froB dpvn«trea» depoaitional areas in a 
atreaa are nore obese than those fron upstream eroslonal areas), noted 
that aany unlonld species (including L^. radiata ) do not show this 
correlation. He hypothesized that the relationship would only be 
observed in mussels from the «or« prinitive taxonoaic groups. Although 
he did not define "primitive" in this context, Ortaann (1920) mentioned 
that the genera Fusconaia. Aableaa. Quadnila. and Pleurobeaa "belong to 
the most primitive types of North American Salades". 

Our results for L. radiata agreed with those of Ortaann (1920), in 
that we found no relationship between shell obesity and exposure. 
However, another relationship (increased shell thickness and growth rate 
with greater exposure) was found. A correlation between exposure and 
shell morphology may exist in many species previously thought to be 
■unresponsive" to variation in exposure. It could be obscured by only 
looking at ratios of morphological measurements, which may distort or 
not show the relationship of interest (Atchley et al. 1976; Atchlay 
1978; Atchley and Anderson 1978). The precise nature of the relationship 
between exposure and shell morphology will vary among species depending 
on allometrlc relationships among the various morphoaetrlc variables. 
This would be true even if the effect of exposure was identical for each 
Species (e.g. increased growth rate). It is clear that a multivariate 
consideration of shell morphology (e.g. Creen 1972; Hlnoh at al. 1986; 
Hlnoh and Bailey 1988) is necessary to properly characterise the form of 
the shell. 

Hineh et al. (1986) observed differences in shell morphology and 
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growth rate between jU. rmdlata collected from a aand (I.e. high 
exposure] and a nud (I.e. low exposure) aite in 18. They then uaed a 
transplant experiaent to separate short and long tera (possibly genetic) 
Interactions between the habitat and growth In various dlBenalons of the 
■ussel. Although Bincb et al.*s (1986) growth rate ooaparlson gave the 
saae result as ours (see below}, they found snaller, acre obese shells 
In the >ud habitat. We found no evidence of differences in obesity with 
variation in exposure. Since their comparison of high and low exposure 
areas is based on only one collecting site in each area, the 
relationship observed in our study better describes the general 
situation in IB. 

Variation in the shell aorphology of freshwater mussels In relation 
to exposure has been explained both as an adaptive and non-adaptive 
pattern. More ''robust'' shells (i.e. thicker, larger shells) may help a 
mussel maintain its position in turbulent habitats, while smaller, 
thinner shells may prevent sinking in softer substrates (Wilson and 
Clark 1911; Hineh et al. 1986). Such an explanation requires either 
adaptive plasticity (Eagar 1978) or genetic divergence (Ortmann 1920; 
Kat 1984) with respect to shell form . Alternatively, the correlation 
between shell form and habitat may reflect a non-adaptive response to 
variation in feeding efficiency (Kat 1982) or food supply (Stansbery 
1970). 

Brown et al. (1938) reported finding "stunted" L^ radiata in highly 
exposed lentic habitats. They sampled L^ radiata in an extremely exposed 
area of western Lake Erie off Pelee Island. Compared to specimens 
collected in less exposed areas near to this site, the mussels were very 
small. Green (1972) also concluded that L^ radiata in very exposed 
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habitats showed reduced growth rates. The results of Brows et al. (1938) 
and Green (1972), ooablned with ours and those of Hlneb ct al. (1986)t 
suggest that the positive relationship between exposure and growth rate, 
whether represeatatlve of an adaptive or aon-adaptlve pattern, has a 
United range beyond which L. radiata is unable to function and grow 
efficiently (Hinch and Bailey 1988). Ve tried to test this hypothesis by 
sanpling L^. radiata ifi Outer Long Point Bay along the northern shore of 
Long Point, but in the highly exposed, sandy, "washboard bottoa" 
habitats found In this area, there were no mussels present. Brown et al. 
' (1938) noted that at the highly exposed Pelee Island site mussels were 
cast up along the shore during days of only mild westerly winds, and 
■any dead nussels (with bodies atlll Intact) were found in the shore 
drift. 
Tariatioo in Shell Growth Bate 

The positive relationship between growth rate and exposure found in 
this study was slallar to that found by Hinch et al. (1986) for L. 
radiata fron a sandy and a Buddy site In IB. The small differences 
between Hinch et al.'a (1986) and our estimates of the coefficients for 
the Valford plot regression lines are probably due to sampling error, to 
differences in the range of ring measurements used to compute the 
regression lines (Hinch et al. [1986] generally used larger pairs of 
rings], and the different set of sites used in each study. 

Sheila from mussels living in high exposure habitats were thicker 
but not longer than those from lower exposure areas (according to the 
CVA of shell morphology), and yet both of the growth rate analyses 
(Valford plot; length of first annual ring) showed faster growth in 
length in the high exposure mussels. This implies one of two things : 
either the growth curve of each exposure group changes as age increases 
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bvyoBd th« range of annual ring data collected, or there is a higher 
■ortallty rate in the high exposure nussels. The first scenario suggests 
the possibility of different growth strategies at different exposure 
levels : qulek, early growth in the high exposure areas followed by a 
Tirtual cessation of growth In length; slow steady growth In the low 
exposure areas which continues beyond the age at which high exposure 
aussela have stopped growing. This seeas unlikely, since a reciprocal 
transplant experiment over one growing season (Rlnch et al. 1986) 
showed faster growth In high exposure mussels even though all aniaals 
used in the experiment were close to asysptotic size. The second 
scenario, higher nortality In mussels living in high exposure areas, 
also suggests the possibility of different strategies for reproduction 
and growth (maintained either through adaptive plasticity or genetic 
divergence and reproductive Isolation), but no data are available to 
adequately teat such an idea. 
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TabXa 1. Canonical varlataa analysis of variation in shall Borpliolog; 
aaoDc Buasals froa blgh, Bcdiua, and low axposurs araaa la IB. 
Standardised ooafficicnta are aigenvectors aultipllad by the "poolad 
vithin' standard deviation of each variable. Structure coefficients are 
ainple correlations between the CV scores and the original (log- 
trans foraed) variables. 





CV1 






CV2 






Standardised Structure 


Standardised Structure 




Veigbt 


2.J10 


0.46 


-0.69 


0.27 




Length 


-1.92 


-0.04 


-0.29 


0.40 




Height 


0.26 


0.20 


1.75 


0.77 




Vidtb 


-0,49 


0.19 


-0.21 


0.20 




Eigenvalue 


0.3t 






O.OOll 




Canonical correlation 0.50 






0.06 




Significance 


F=T.5, dfsa.ST* 
p<0.0001 


F=0. 


2, df=3.l88 
P=0.87 




Class Beans 












High 


0.67 






0.03 




Medium 


-0.16 






-0.07 




Low 


-0.8i« 






0.07 
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Tabla 2. Analysis of oovarlance of consecutlv* growth rings using th« 
Valford plot nettaod. 

Dependant variable e Length of 2nd ring (L2}. 

Covariate = Lengtb of Ist ring (LI). 

Grouping variable = Exposure (tilgb, aedlua, or low). 

Source df SS KS F p 



LI 


1 


10177.2 


10177.2 


1315.5 


<0.0001 


Exposure 


2 


323.2 


161.6 


20.9 


<0.0001 


LI • Exposure 


2 


11.5 


7.2 


0.9 


0.39 


Error 


152 


1175.0 


7.7 
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Table 3. Ualford plot regreaaloa lloaa and tba derived Toa Bertalanffy 
(rowth cunre equations for nuasela froa high, medlua, and low exposure 
areas of IB. 

Exposure Ualford Regression Line von Bert^anffy Equation 

K^ Lj = 11.42 ♦ 0.92 I., Lt = 1«,8 (1 - e"-"^') 

Medium Lj = 8.18 + 0.92 L, L^ « 102.2 (1 - e"-°^') 

Low Lj = 8.65 + 0.92 L^ L^ = 108.1 (1 - e"-°^') 
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FIGDRE CAPTIOHS 
Figure 1. Diaanslons and orient«tlon of a Buaael (L=length, H=h«lght, 

Wswidth, A=*nt8rlor, Pepoaterior, Dsdoraal, Vsventral). 
Figure 2. Quartllaa for an •xposure acore (Osvery high; A =hlgli; 

snedluffl; #=low), and aussel collecting altea (L1,L2,L3 ' low 

wa; M1,M2,H3 « medium area; H1,H2,H3 = high area). The expoaure 

acore waa derived from aurvey data (see text). 
Figure 3. Confidence ellipaes (95J) for mean weight (g) and length (mm) 

(log-tranaforaed) of I, radlata from high (H), Bediun (M), 

and low (L) expoaure areaa of IB. 
Figure *. von Bertalanffy growth curvea for lu. radiata from 

high ( ), medium ( ), and low ( ) expoaure areaa 

in IB. 
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ABSTRACT 
Bailey, R.C., Green, R.H., and Bailey, C. 1988. Tesporal changes in a 
freshwater ■ossel population : a natural experinent. Can.J.Fiah.Aq.Sci. 

A population of Anodonta grand is in a small arctic lake previously 
sampled in 1973 was resampled in 1986. In both of the years sampled 
there about 14 times more mussels in deep (>1.5m) water than in shallow 
water, which supports the hypothesis that A. grandis evolved in and 
prefers deep-water habitats. There was a decline in growth rate, a shift 
towards an older age structure, and a drop in population density from 
2.3 to 0.65 animals per m^ between 1973 and 1986. This is consistent 
with the hypothesis that hydrocarbon pollution, obvious in this lake in 
1973, has impacted this mussel population. 
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IHTRODDCTIOI 

In 1973 Green (1980) estimated the size distribution and density of 
a population of Anodonta grandis (Bivalvia; Dnionidae) in Shell Lake, 
Inuvik, N.W.T. Out of over 1000 individuals sampled, he found no mussels 
less than 57mm in length (about 5 years old). Green proposed three 
possible explanations for this result: 

i) Collecting bias : Young unionids are difficult to collect using 
sampling techniques more suitable for large individuals. Green (1980) 
sampled with SCUBA, using his bare hands to detect the mussels in the 
sediment. 

ii) Naturally bad years : The years immediately prior to Green's 
sampling may have been poor for mussel recruitment due to variability in 
abiotic conditions or fish populations. Unionids rely on fish as hosts 
during a parasitic stage of their larval development. 

iii) Hydrocarbon pollution : Shell Lake has served as an important 
float plane base since 1968 (i.e. five years before Green's sampling). 
By 1973 there were six private bases on this small (84,3 ha; 2060 X 10^ 
m ^) lake, and it continues today as a busy float plane "runway". The 
resulting hydrocarbon fuel pollution, which was "obvious" to both Green 
(1980) and Chang (1975) in 1973 could have seriously reduced recruitment 
in the mussel population (Green 1980). 

To choose between these three hypotheses, the A^ grandis population 
of Shell Lake was resampled in 1986. We predicted the following results, 
depending on which of the hypotheses was true : 

i) Collecting bias : We would find the same lack of young mussels 
as Green (1980), but older individuals (up to about 100mm) would be well 
represented . 

ii) Naturally bad years : We would find mussels born between 1972 
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and 1985, unless all of these years were "naturally bad", which seems 
highly unlikely. Thus, we should have found small individuals in our 
samples . 

iii) Hydrocarbon pollution : If recruitment was severely reduced in 
1968, there should be a low density of mussels in Shell Lake relative to 
the numbers obtained by Green (1980). 
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MATERIALS AND METHODS 

Sampling was done by hand (using SCUBA) in late July, 1986, along 
the same four transects as used by Green (198O). Mussels were collected 
and measured as described in Green (198O). In addition, we kept 48 
mussels from the large collection and measured two consecutive growth 
rings on their shells. This enabled us to estimate a growth curve for 
the population using the Walford plot technique, as described in McCuaig 
and Green (198i»). We fitted the equation 'L^,^^^ = a + bL^' using the 
geometric mean slope because of the error in measuring both L2 and L^ 
(McArdle 1988). We then generated the von Bertalanffy growth curve, 
'h = ^max ^^ ' ®''^^'» ^y recalling that 'k = -ln(b)' and 'Lj^^^ = a/(1- 
b)'. 

We uaed a loglinear model (Fienberg 1980) to examine correlations 
among the size class of the mussels (<60mm; 60 to 74mm; 75 to 89mm; 
>90mm), the depth of sampling (<,2m; >2m) and the year of sampling (1973; 
1986). SAS PROC CATMOD (SAS Institute 1985) was used to carry out the 
calculations. 

A factorial ANOVA was used to assess the effect of depth (<_1,5m; 
>1.5m) and year (1973; 1986) on the number of mussels collected from a 
pair of circular sample plots at a given site (total area = ilm^). 
Different definitions of "deep" and "shallow" sites were used in the 
loglinear and ANOVA analyses in an effort to balance the number of 
observations in each cell for the analyses (Tables 1, 2). A regression 
of log(variance) on log(mean) for twenty paired samples indicated that 
something between a log and a square root transformation of the density 
data was appropriate prior to using parametric ANOVA (see Green 1979; 
pp. 46-47). Statistical results using these two transformations 
did not differ, so we used logg(x+l) transformations of the data (there 
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were some zero values) in the analysis reported here. SAS PROC GLM iSkS 
Institute 1985) was used to carry out the analysis. 
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RESULTS 
Grovth Bate 

The Walford plot analysis of consecutive growth rings on 48 mussels 
resulted In the von Bertalanffy equation : 

L^ = 145 (1 - e-°-°^^), 
where 'L^.' is length at time 't'. In fitting the Walford model the 
simple linear model was sufficient ; there was no significant additional 

variance in L explained by L. (as in Green 1980). The growth curves 

t+i "t 

for 1986 and 1973 are contrasted in Figure 1. These show slower growth 
in the 1986 population. 
Length-Frequency Distribution 

There was a significant three-way interaction among length-class, 
depth, and year (y(^ = 14.78; dfs3; p<0.003), indicating that the 
difference between the length-frequency distribution of mussel shells in 
deep vs. shallow water changed between 1973 and 1986 (Table 2), In 1973 
there was a greater proportion of large mussels present in deep water 
than in shallow. This was not the case in 1986, when length- frequency 
distributions were almost identical in deep and shallow water. Although 
there was a larger proportion of small mussels at both depths in the 
1986 sample (i.e. about 8% in 1986, ^% in 1973), there were still fewer 
present than one would expect if we bad sampled a population with a more 
or less stable age distribution using an unbiased technique. Looking at 
the largest three size classes, which were presumably sampled with less 
bias, there is a shift towards larger mussels in 1986 at both depths. 
The growth curves for the two years (Fig. 1) support the hypothesis of 
an older (rather than a faster-growing) population in 1986 relative to 
1973. 
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DensitT 

Factorial ANOVA of log(density+1) indicated no interaction between 
year and depth (F<0.01; df = 1, 44; p>0.95). There were independent 
effects of both year (F=4.49; df= 1, 44; p=0.04) and depth (F=16.95; 
df=1, 44; p<0,001) on density. The geometric mean densities (per km ) 
across both deep and shallow areas were 9.2 (95? c.i.: 4.2, 19) for 1973 
and 2.7 (0.75, 6.7) for 1986. The confidence limits are asymetrical 
because they have been back-tranformed from logarithms. Geometric mean 
densities across both years were 16.3 (8.2, SI.'*) for deep water and 1.2 
(0,3.7) for shallow water. These means have been calculated using the 
LSMEANS option in SAS PROC GLM (SAS Institute 1985), which corrects for 
unequal numbers of observations in the cells. 
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DISCUSSION 
Depth Diatribution of Anodonta grandis 

In a small Ontario lake, Ghent et al. (1978) found greater numbers 
of Ai. grandis in deep water relative to the depth distribution of 
Elliptio complanata. They reported finding A^, grandis to depths of 14m, 
and based on this and its "floater"-shaped shell speculated that it 
evolved primarily as a deep-water species. Our results agree with those 
of Ghent et al. (1978) ; we found greater numbers of mussels in deep 
water in both 1973 ^id 1986. Although Green (1980) fit a somewhat more 
complicated model to the 1973 density data, which included a quadratic 
relationship between logCdensity+l ) and log(depth), he too found that 
maximum predicted densities were at a depth of over 2m. A^, grandis may 
be found at greater depths than other unionids as a result of i) a niche 
shift following competition with other species or ii) greater predation 
by Ondattra zibethicus (muskrat) in shallow water. There was very 
obvious evidence of muskrat predation at Shell Lake; muskrat middens 
(piles of empty shells) were very frequently observed. Headlee (1906) 
reported that muskrat predation limits the range of Anodonta spp. in 
shallow waters. 
Impact of Disturbance on A^ grandis 

In 1986 we found fewer than one third the number of mussels that 
were present in 1973. We also found a shift in the size distribution of 
the mussels in the size classes least prone to biased sampling (i.e. the 
largest size classes). This shift, towards greater proportional 
representation by the largest size classes, Indicated that the 1986 
population was either older or faster-growing than the 1973 group. 
Comparison of growth curves generated using the Walford plot technique 
of analysing consecutive growth rings showed that growth was, if 

Bailey et al.. Page 9 



anything, slower in the 1986 population. In summary, the combined 
density, growth, and length-frequency data support an hypothesis of a 
shrinking, aging population. 

In his review of "Adverse Anthropogenic Effects on Mussels", Fuller 
(197^) cites evidence from Wilson and Clark (1912) and Baker (1928) that 
"gas works wastes, especially tar and oily scum" are "very damaging to 
mussels". If hydrocarbon pollution has caused the changes observed from 
1973 to 1986 in the A^ grand is population of Shell Lake, it must either 
have affected the young mussels directly or somehow affected the 
population of their host fish. Esox lucius (northern pike) are presently 
common in Shell Lake ( personal observation ), but quantitative data on 
this and any other fish species present are not available. A. grandis 
has relatively low host specificity (Trdan and Hoeh 1982; Fuller 1974; 
Kat 1984), but no member of the Esocidae has been verified as a host. 
However northern pike have been found to be parasitized by another 
unionid ( Amblema pllcata : Coker et al. 1921; Wilson 1916), so we 
tentatively reject an impact on the fish population as a mechanism for 
the observed decline of A^ grandis in Shell Lake. Further evidence, 
perhaps Including bioassays of juvenile mussels cultured in the 
laboratory (Isom and Hudson 1982; Hudson and Isom 1984), is required to 
verify the hypothesis that hydrocarbon pollution has directly affected 
the survival of juvenile mussels. 
LlAitatlocis of the "Impact" Interpretation 

There are several relevant limitations to interpreting the 
differences in density and length-frequency distribution between 1973 
and 1986 as a result of hydrocarbon pollution. We have a sub-optimal 
design for detecting an impact (sensu Green 1979), because the presumed 
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impact (hydrocarbon pollution) has already occurred, there is no control 
area, and therefore the "impact must be inferred from temporal change 
alone" (Green 1979). Clearly any natural change in the population 
between 1973 and 1986 could have been mistakenly interpreted as a 
detrimental impact on the population, although the direction of the 
change (a declining population) is consistent with the impact 
interpretation . 

We have no "among year" or "among lake" replication, meaning that 
whatever differences in the A^ grandis population that we observed 
between 1973 and 1986 could have just as easily been present between two 
consecutive years in one lake or in two lakes sampled in a given year, 
each with similar levels of hydrocarbon pollution. Such 
"pseudoreplication" (Hurlbert 1984) is impossible to avoid when specific 
questions or limited data reduce the sampling frame. 

Finally, any difference in the techniques used by the two samplers 
(RHG in 1973; RCB in 1986) may have "created" the observed differences 
between data from the two years of sampling. We tried to minimise this 
by matching the sampling method but hand-sampling with SCUBA is bound 
to result in some human bias. The pronounced differences in density and 
length-frequency distributions for the two years of sampling are 
probably greater than any sampling bias could introduce. 
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I Table 1. Number of replicates in each cell for the factorial ANOVA of 
log (density). Each replicate was one pair of 2in'^ circular plots. 

Depth 

Year <1.5in >1.5in 

, 1973 10 1* 

1986 t 10 



I 
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Table 2. Length class distribution of mussel shells in relation to depth 
and year. Percentage of mussels in a given length class for a particular 
depth and year is given in parentheses. 

Length Class 
<60mm 60-7 '♦ma 7 5- 8 9mm >90mm TOTAL 

1973 

<2.0m 4 (0.6) 279 (39.7) 398 (56.7) 21 (3.0) 702 

>2.5m 4 (1.3) 1^5 (45.7) 133 (42.0) 35 (11.0) 317 

1986 

<2.0m 8 (7.6) 9 (8.6) 69 (65.7) 19 (18.1) 105 

>2.5m 24'(7.7) 36 (11.5) 196 (62.6) 57 (18.2) 313 
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( in: Proc. Ontario Ministrv of the Environment Technoloay Transfer 
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and 9, 1986, Toronto, Ontario.) 



Summary 

We collected freshwater clams f Ell -tptio complanata) from an 
acid sensitive and a circumneutral lake in south-central Ontario 
and compared tissue metal ' concentrations. Clams from the 
circumneutral lake had greater concentrations of Zn and Mn and 
lower concentrations of Cu and Cd than clams from the acid 
sensitive lake. Clam size and/or age successfully predicted 
tissue metal levels, suggesting that long-term clam biomonitoring 
studies should control for size and age variability. 

We examined the effects of environmental acidity on £Li. 
complana-':a shell morphology and concluded that differences in 
shell si^e and shape were a function of within-lake variation in 
water turbulence. Therefore the use of shell morphology as an 
indicator of environmental acidification requires prior 
consideration of within-lake variability in shell form. 

Clain shells v;ere not useful monitors of environmental trace 
metal levels. 



Introduction 

Molluscs have, for over 10 years, been used to monitor 
contaminant levels in the marine environment (Goldberg et al. 
1978). They accumulate and concentrate a wide range of 
environmentally available pollutants, and they are widely 
distributed both globally and in terms of the habitats that they 
occupy (Green et al. 1985). In recent years, freshwater clams 
have been used to monitor variation in environmental contaminant 
levels through in situ (Forester 198O; Iralay 1982; G.L.I. 198ii; 
Pugsley et al. 1985) and transplantation (Kauss et al. 198I; 
G.L.I. 1985) studies. It is uncertain, however, whether 
freshwater clams exhibit size- and age-specific contaminant 
accumula':ion patterns similar to their marine counterparts 
(Boyden 1.977: Romeril 1979; Cossa et al. 1930). This must be 
determintsd before freshwater clams are extensively used as 
biotnonitors. In this study v^e examine size- and a^ie-speoif ic 
patterns of trace metal concentrations in the freshwater clam 
Eiiiptio .cgmp.lanata. 

The bioavailability of many trace metals is enhanced by 
increasing environmental acidity (Campbell et al. 1983; Campbell 
and Stokes 1985; Stokes et al. 1985; Kelso et al. 19&6). In acid 
stressed, poorly buffered waters, bioaccuraulation of trace metals 
has been reported in clams (Forester 198O; Graney et al 198^1). 
We will compare tissue metal concentrations In Eu. complanata from 
an acid sensitive and a circumneutral lake. The relative 
importance of these patterns will be examined by comparing them 
to the size- and age-specific relationships. 



Altliough clam tissues are useful for monitoring short-term 
fluctuations In aquatic contaminant levels, clam shells may be 
useful as indicators of long-term water quality patterns. It has 
been suggested that variation In environmental acidity can cause 
variation in shell shape (Mackie and Fllppance 1983) and grov;th 
rate (Green 198O; Singer 19S1) because calcium, which is 
necessary for shell growth, is often less available in low 
alkalinity environments. We examined this hypothesis by 
sampling JL. cgmplanata from four small lakes that vary in 
alkalinity and compared wlthln-lake to betv;een-lake variation in 
shell morphology. 

Marine clam shells can retain a record of contaminant 
levels over many years (Fang and Shen ISBk) , so clam shells may 
provide a more long-term and irreversible system for monitoring 
changes in environmental levels of trace metals than clam 
tissues. We utilized the electron probe and the secondary ion 
mass spectrometer to assess trace metal levels in thin sections 
of freshwater clam shells sampled from known contaminated areas. 

Methods 

Age- iiHii <:;l?.e-c:r^r;cific tr^^Cg metSL J2Attgrn3 

We collected 50 JL. complanat--^ . including as vude a size 
range as possible, from the southweat corners of Beecl^ Lake and 
Tock Lake using SCUBA. These lakes are located in south-central 
Ontario on the Precainbrian Shield (Fie- 1 ). Although 
morphologically similar. the lakes vary greatly in alkalinity M 



with total inflection point alkalinities for Tock and Beach of 22 
and 153 ueq/1 respectively. Shell lengths were determined and 
used as a measure of clam size. Clam tissues were dissected into 
gill and remaining visceral mass (body), then dried and digested 
in concentrated nitric acid, ai.d analyzed using flame 
spectrophotometry for levels of Cu, Cd. Zn, and Mn. Shells were 
aged by the thin-section method (Clark 198O). 

Analysis of variance (ANOVA) was used to compare differences 
in gill and body trace metal concentrations between the lakes. 
Analysis of covariance (ANCOVA) was used to compare the 
relationships between clam age and length and tissue metal 
concentration. Tissue metal concentration and length data were 
log-tran:^formed , prior to analysis, to reduce error variance 
heterogeneity. 
Within- iiiid. between-lake variation in &bell fgrtil 

We collected 25 E^. complan ata using SCUBA from a low 
(southweut) and a high (northeast) exposure cite (i.e. water 
turbulence) in each of four small lakes (Figs. 1 and 2). Only 
old individuals were collected to eliminate age structure as a 
confounding factor. Shell length, height, width and v;eight ware 
determined (Fig. 3). These data were log-transformed to linearize 
allometric relationships betvjeen the variables. 

A model II ANOVA estimated the proportion of the total 
variance of each variable due to vrriation betv;een the four 
lakes, between exposure levels within the lakes and between 
individual clams within the sites. 



Slifiii analysis for tr acg metftls 

Thin sections of clam shells were prepared for the electron 
probe following the methods of Lutz (198I). As, Hg, Pb, Cd, Ca, 
Sb and Zn levels can be determined by the characteristic x-rays 
which are emitted from the thin section when an electron beam is 
focussed on it. The secondary ion mass spectrometer, which is a 
more sensitive instrument than the electron proba, was also used 
to determine levels of the same metaJf. in the thin iiections. 

Results 

Age- MLd slzo-specific JLcasil EOiAl patterns 

Trace metal concentrations in both gill and tody tissues 
differed between Beech Lake and Tock Lake clanjc (Table 1). Tock 
Lake clain tissues were higher in Cu ar.d Cd and lower in Zn and Mn 
than Beech Lake clam tissuer. (P<0.05). There war- not any strong 
relation:3hip between clam sise and age possibly because of the 
lack of extremely small individuals in the sample. Size and 
age could therefore be used as independent covariate^ in each 
analysis. Each model (Table 2) was successful in predicting 
tissue trace metal variability from clam sice and ai;e. 

Within- aiKJ. between-lake variation in fholl IS2XI1 

In Green, Beech, Bark and Tock Lakes, clams from the high 
exposure site had longer, taller, wider and heavier shells than 
those from the low exposure site (Table 3). Components of 
variance computed from the model II ANOVAs revealed that much 
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more o? the variation in shell morphology resulted from 
differences betV'/een exposures rather than differences between 
lakes (Fig. 4). 

Slifili analysis fon trfice m^t^is 

The electron probe analyses showed no detectable levels of 
As, Hs, Cd, Pb or Zn in the shells examined. The secondary ion 
mass spectrometer detected only major shell elements (i.e. Ca, C, 
Sr, Na, Fe, Mn) which were in part per thousand concentrations. 

Discussion 

Age- 5iii .';lze-c-.neciflc J;jisl£^ ffiQtfll ^$-t terns. 

Cu, Cd, Zn and Mn are knov^n to increase in geochemical 
nobility with increasins acidification (Campbell et cl. 1983) and 
are gen-.^rally in greater concentrations in Ontario non-buffered 
versus buffered v^aters (Forester 1930). TocK Lake Is acid 
sensitiV'3 and has low buffering capabilities while Beech Lake is 
circumneutral and thus possesses the ability to buffer 
fluctuating levels of acidic input. Analyses of a small number 
of water samples from these lakes (unpub. data) siiggect that 
absolute levels are generally greater in Took Lake. However, 
Beech Lake has greater Mn and Zn levels relative to Cu and Cd 
than does Tock Lake, Concentrations of metals iri th(^ c:l.-ims 
showed similar patterns, as Beech Lake clams had higher Mn/Cu, 
Mn/Cd, Zn/Cu and Zn/Cd ratios. These results closely resemble 



those of Servos (pers. comm. ; Freshwater Institute, Winnipeg 
Manitoba) who examined bioaccumulation of metais by £«_ complana ta 
during acidic snowmelt. In his study, Zn concentrations 
increased relative to Cd concentrations in gill and body tissues 
as environmental acidity decreased. 

There can be competition between metals for a limited supply 
of ligand (binding substrate) within marine mollusc tissue, and 
the competitive nature of metals for ligands can be altered 
depending on environmental metal levels (Mason and Simkisa 1983). 
It is thus possible that higher absolute metal levels (i.e. in 
Tock Lake) enhance the competitive nature of Cu and Cd for 
binding substrate while lowering that of Zn and Mn. Competition 
between trace metals for binding substrate in EL. oomplanata 
tissues has been reported by Tessler et al. (198^;) who determined 
that Fe competes with Cu and Zn. They suggGstcd that Fe plays a 
protective role as it is the principal factor controllins the 
dissolved trace metal concentrations to which the clam is 
exposed. 

Gill tissue metal concentrations were often twice that of 
body tinsue. Gill concentrations may be overestimiited and may 
not reflect biologically available metals, because r.vallable and 
non-available metals can adhere to mucous covered gill surfaces. 
Including gills in whole body analyses may therefore be 
inappropriate, because they could decrease the predictive power 
of the model by increasing body tissue trace metal variability. 

Size- and age-specific trace metal relationships were 
different for each tissue type and each metal. This type of 
variability is common in marine bivalves (Doyden 1977: Roraeril 



1979J Cossa et al. 1980; Popham and D'Auria 1983). There are 
many factors which could enhance variability in these patterns 
such as feeding habits, reproductive state and condition factors. 
However, physiological explanations for the observed patterns are 
not within the scope of this paper. Size and age are Important 
factors which contribute to tissue trace metal variability. 
Therefore, Investigators who wish to compare Kx. corr.Dlanata metal 
concentrations should standardize clam size and ase. This would 
especially apply to clam biomonitoring studies v-/here comparisons 
are made among sites and years. 

In only two cases (gill Cu and body Cd) did lake interact 
with Clara size and/or age in modelling tissue trace metal 
variability. Buffering capability, which is the primary 
difference between the two lakes, is therefore not very important 
in influencing size- and age-specific patterns. Houevar, with 
only two lakes in the analyses, we havs very ]ittie povrer to 
detect such an influence. 

Within- rin<l between-lake v??riati9n in Elmll fQr.1 

Exposure affected variation in shell norpholosy similarly in 
all four lakes. Clams from low exposure sites ware smaller and 
lighter than those from high exposure sites. These 
characteristics may be adaptive because small, lisht shells v.'ould 
preclude sinking in low exposure, soft silt areas while lara*e, 
heavy shells would prevent dislodgement by v/ave action in high 
exposure, sandy areas. 

Some researchers have suggested that variation in alkalinity 



can cause variation in clam growth patterns (Green I98O; Singer 
198I; Mackie and Fllppance 1983). However, interpretation of 
those studies is often difficult because vJithin-lake variation in 
growth patterns was not considered. In this study, much more of 
the total variation in shell form was due to v;ithin-l&ke between- 
exposure differences rather than betv;een-l£ke dif fex'ences. The 
primary difference between the four lakes is alkalinity; 
therefore alkalinity has little to do vjlth variation in £j. 
complanata shell form. Our results indicate that within-lake 
variation in shell form must first be assessed or controlled by 
the study design, before among-lake variation is exajnined. 

Shell analysis for trace iTigtals 

The electron probe has a maximum sensitivity cf 200 ppw, 
however, it could not detect As, Ks, Cd, Pb or Zn iii the shells 
examined. Similar results were obtained from tho mere sensitive 
secondary ion mass spectrometer. Body tissue anali-jes of the 
same specimens had shown significant As, Hs end Pb cc>nci?ntr*atlons 
(Metcalfe and Mudrock 1985). 



Conclusions 

Freshwater clam tissues can be a useful tool fci' monitoring 
in sJLtil levels of biologically available trace metals in areas 
affected by acidic precipitation onct, size and ace effects are 
controlled for. Before large scale transplantation studies are 
designed, herita.bility of trace matr>l uptake rate.-: should be 
examined. For example, Hinch et al. (1986) concluded that growth 

8 



rates of the unionid clam La mps ills radlata were a function of 
the population source (In a field transplant experiment). Other 
physiological processes which may be related to trace metal 
uptake may also be a function, of the population source. A three- 
way reciprocal transplant experiment has been conducted using ELi_ 
complanata and three lakes v;hich represent the "degree of 
acidification" gradient. These data are presently being 
analysed. Electrophoretic studies in allozyme frequencies are 
being done, to Investigate the xole of genotype in trace metal 
uptake. 

Although clam shells have proven to be useful monitors of 
contaminant levels in marine environments, they were not useful 
for monitoring levels of tracr; metals at the environmental 
concentrations observed in this study. Shell morphology is not a 
good predictor of environmental acidity but probably reflects 
site-specific water turbulence. 
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Table 1. Mean metal concentrations ir. p.p.m (SD) in sill and body 
tissues of ELi. complanata from Beech Lake and Tock Lake. Each Mn 
concentration is x 102. 



Beech Lake 



Tock Lake 



gill 



Cu 
Cd 
2n 
Mn 



13.28 

10.10 

371.32 

1/10.80 



(5.69) 

(108.75) 
(il0.30) 



18.51 

12.78 

273.81 

lOii.90 



(7.83) 

(U.a9) 

(72.80) 

(32.70) 



body 



Cu 
Cd 
Zn 
Mn 



7.29 

10.98 

155.50 

liZ.ZO 



(1.83) 

(5.82) 

(^3.87) 

(19.60) 



10.29 (6.95) 

ia.51 (/i.62) 

13tl.l7 (63.15) 

23.50 (12.00) 



Table 2. ANCOVA models which predict tissue trace metal 
variability from clam size and age in Beech Lake and Bark Lake. 



dependent variable: gill Cu 
model r2-.34 



dependent variable: gill Cd 
model r2=.l3 



source of 






source of 


variation 




£ 


varlatlQn 


length- 




.106 


length 


age 




.001 


age 


lake 




<.001 


lake 


length * age 




.521 


length * age 


length * lake 




.250 


length * lake 


age * lake 




.462 


age * lake 


length * age * 


lake 


.01/1 


length * age * 



lake 



.002 

.021 
.457 
.737 
.170 
.1X56 



dependent variable: gill Zn 
model r2=.25 



dependent variable: gill Mn 
model r2=.23 



source of 






variatlo-ti 




P 


length 




.759 


age 




.003 


lake 




<.001 


length * age 




.6/12 


length * lake 




.378 


age * la};e 




.278 


length * age * 


lake 


.il03 


dependen ; variable: 


body Cu 


model r2-.20 






source osf 






variatloii 




R 


length 




.0/19 


age 




.073 


lake 




.00/i 


length * age 




.0/i3 


length * lake 




.532 


age * lake 




.885 


length * age * 


lake 


.2/11 



source of 

yariatlQii 

lencth 

age 

lal^e 

length * age 

length "^ lake 

age * lake 

length ■^' age * laku 



< 
< 



923 

001 
001 
717 
631 
303 
692 



dependent variable: body Cd 
model r2=.50 



dependent variable: body Zn 
model r2=.20 



source of 






vruvtatJon 




£ 


length 




<.001 


age 




.300 


lake 




<.001 


length =<= age 




.033 


length * lake 




.015 


age * lake 




.602 


length * age * 


lake 


.887 


dependent variable: 


body Mn 


model r2=./l2 







source of 

variation 

length 

age 

lake 

length * age 

length * lake 

age * lake 

length * age ^ lake 



P 
035 
001 
005 
739 
593 
952 
727 



source of 



leiigth 

age 

lake 

length * age 
length •^•' lake 
age * lake 
length * age * laice 



< 
< 



P 

119 
001 
001 
911 

5/19 

261 
/106 



Table 3. Means (SD) of shell characters from low and high 
exposure sites in the study lakes. In all groups n=25. 



Site 



Length (ram) Height (mm) Width (mm) Weight (g) 



Tock low 


66.0 


(5.il) 


33.2 


(2.7) 


17.7 


(1.9) 


9.6 


(2.9) 


Took high 


7^.1 


(5.8) 


37.2 


(3.0) 


19.6 


(2.1) 


l/l.l 


(3.6) 


Bark low 


59.4 


(il.5) 


28.6 


(1.8) 


17.8 


(1.5) 


8.1 


(2.0) 


Dark high 


en. 2 


(3.1) 


30.9 


(1.5) 


19.^ 


(1.2) 


10.8 


(2.1) 


Beech lov? 


63.3 


(6.3) 


31.6 


(3.5) 


16.7 


(2.4) 


8.5 


(2.8) 


Beech high 


72.1 


(6.3) 


36.6 


(3.1) 


19.7 


(2.2) 


13.6 


(3.7) 


Green low 


63.0 


(8.6) 


31.1 


(11.2) 


16.2 


(2.6) 


8.8 


(a. 5) 


Green hi.'^h 


66.9 


(7.7) 


33.1 


(3.8) 


17.7 


(2.5) 


11.0 


(a. 7) 
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ABSTRACT 

Organiams respond to their environment* at different hierarchical levels, ranging from 
the community level (species abundance patterns) to the cellular and genetic levels. One 
often wishes to model these responses as functions of spatial and temporal variation of 
environmental variabiea, either for the purpose of describing and understanding the 
processes which are operating or for the purpose of predicting the environmental state 
given an observed spectrum of biological response. The latter purpose obviously relates 
to environmental monitoring and other practical applications. 

For modelling the biological response to patterns of environmental variation, one 
needs a suite of organisms having the following properties: (1) ubiquitous in the environ- 
ments of interest; (2) responsive at the various hierarchical levels (community, population, 
physiologicai, cellular, genetic) to environmental change; (3) long-lived and sedentary in 
habit; (4) poeaessing skeletal parts which incorporate, and retain after the individual's 
death, annual patterns of the physical and chemical environment; (5} suitable for hand- 
ling and for experimental studies in the laboratory; and (6) r«lativcljr well understood 
genetically. 

One group of organiams which has proved particularly suitable and meets the above 
criteria is the bivalve molluscs. They are ubiquitous, sedentary, and responsive to their 
environment at both the micro- and macro-geographical scale* and at all levels of bio- 
logical organisation. Many species can be aged using the periodic rings in their shells. 
The chemical ccMnpoaation of different layers of the shell can be used as records of their 
expoaure to past environments. Methods for laboratory culture and genetic studies are 
well established. A numb«r of ^ecies are polymorphic at many loci and have been 
extensively used in populatioo genetic studies. 

Models will be discussed which relate the responses of bivalve moUuscs, at the com- 
munity and population, as well as the physiological, behavioural and genetic levels, to 
environmental variation in space and time. We will present a critique of studies to date 
and suggest approaches for those to be undertaken in the future. 



INTRODUCTION 

The modelling of biological response 

All organisms respond to environmental stimuli and stresses in a hierarchi- 
cal manner which has been described by Slobodkin (1968) as evolutionarily 
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adaptive. The initial response tends to be behavioural (e.g. more rapid 
ventilation, or movement away from a negative stimulus), and then, if the 
stress has not been eliminated, biochemical and physiological (e.g. increased 
metabolic rate). Next affected are population parameters, such as fecundity, 
mortality and dispersal, that may ultimately affect the genetic composition 
of the next generation. Severe reduction in the populations of some species 
will result in community composition change, which may be irreversible 
(e.g. Kerr, 1977). The most important point is that no one biological response 
variable can suffice; a battery of responses covering different hierarchical 
levels and correspondingly different response periods may be required, 
depending on the time scaie<s) of interest. 

The criterion and predictor variables must be connected to each other, 
and we do this by using some kind of model The model may be verbal 
and non-quantitative ("Within a few hours of the chemical spill, all the 
shellfish in the bay died."), or it may be based on a planned experiment and 
expressed with great statistical sophistication. In either case certain assump- 
tions must be satisfied or the 'model statement' will be of little value: (1) 
the criterion variable (e.g. death of shellfish) must convey some useful 
meaning, such as economic loss or ecological damage in an a priori healthy 
biological community; (2) there must be some plausible causal mechanism 
that could have brought about the response as a result of the change 
described by the predictor variable; (3) any predictor variable which might 
have influenced the criterion variable must have been included in the model 
(i.e. nothing must be omitted that might be relevant); and (4) some kind of 
control situation existed. 

The change or variation described by the predictor variable would usually 
be temporal, as would the biological response. However, the impact of 
environmental factors on biota can also be inferred from the spatial pattern. 
Temporal variation only' data would lack a spatial control, although a 
temporal control ('before' as opposed to 'after') may exist. On the other 
hand, 'spatial pattern only' data lack a temporal control. Therefore, both 
lack one of the two kinds of control, and are in that sense 'suboptimal' in 
contrast to an 'optimal design' (Green, 1979a) which combines both spatial 
and temporal variation, including controls, in a balanced design. Genuine 
replication is difficult to obtain in observational studies (Manly and Wright, 
1982; Hurlbert, 1984; Green, 1984a, 1985), which has serious consequences 
for statistical models. This problem is discussed later. 

We model the coupling of environmental stimulus to biological response. 
We build the model to fit observed data, striving for maximum parsimony, 
but adequate sufficiency. Next we validate the model, or perhaps modify it, 
by predicting from new observations on the predictor variables to new 
observations on the criterion variables. This stage is often best performed, 
or accompanied, by a controlled experiment carried out in the field if 
possible, or in the laboratory if necessary. Finally, we use the validated 
model with practical objectives in mind, predicting the impact or nature of 
environmental change using the modelled biological response as an index. 
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Bivalve molluscs as response systems 

The following appear to be the requirements of any group of organisms 
which would be used as a biological response system for modelling spatial 
or temporal patterns of environmental variation, particularly in nearshore 
marine environments: (1) a large number of species should be present 
inabundance in all regions within those environments; (2) they should 
generally be responsive at the different hierarchical levels to environmental 
change; (3) at least some common and widely distributed taxa within the 
group should be long-Uved and sedentary in habit; (4) they should produce 
hard parts which record the environmental state at the time of their for- 
mation by the living organism, and survive the death of the organism for a 
length of time much greater than the organism's life span; (5) they should 
be easy to sample in the field and suitable for holding and for experimental 
studies in the laboratory; and (6) they should be relatively 'well-worked' 
genetically. 

Do bivalve molluscs satisfy these requirements? Cunningham (1979) gives 
a similar list and suggests that they do. Something like 31 super-orders of 
bivalve molluscs exist, containing about 420 genera in total (Morton, 1964). 
with about 15 000 species which are distributed world-wide throughout most 
marine, estuarine and freshwater environments. It is a taxonomically well- 
worked group, with most species identifiable from the shells alone. Even the 
larvae of marine bivalves are sufficiently well known and described, that 
common species can usually be identified from field collections (Chanley 
and Andrews, 1971), and use of the scanning electron microscope offers 
great promise (Turner and Boy!°, 1974; Calloway and Turner, 1978). 

The sensitivity of bhfalves to environmental stimuli is now well docu- 
mented. Growth rates and temperature tolerances often show clear geo- 
graphic patterns related to factors such as salinity (Lubinsky, 1967) and 
temperature (Kennedy and Mihursky, 1971, 1972). Very fine-scale micro- 
habitat environmental variations can also be mapped. For example, variation 
in tidal height and exposure to wave action, over small distance, can influ- 
ence mortality rate (Green and Hobson, 1970), shell morphology (Newkirk 
and Doyle. 1975) and gene frequencies (Koehn et aL, 1973; Newkirk and 
Doyle, 1975; Levinton and Fundiller, 1975). A number of reviews have 
discussed aspects of physiological response in marine molluscs (Bayne et al.. 
1981), use of bivalves in heavy metal monitoring (Cunningham, 1979), and 
the use of mollusc shells as indicators of their past environment (Imlay, 
1982). Responses to environmental quaUty have been reported at the physio- 
logical/behavioural level (giU ciliary beat rate, Paparo and Sparks, 1977), for 
reproduction (Bayne, 1975), and for growth processes (shell size and shape, 
Green, 1972). Papers reporting responses to temperature are: at the com- 
munity level (pelagic larvae as paleoclimatic indicators, Lutz and Jablonski, 
1978b); at the physiological level (shell calcification/dissolution processes, 
Davies and Crenshaw, 1971; Storr et al., 1982); and mortality rate (Incze 
et al., 1980). Papers reporting responses to salinity or other components 
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of water chemistry are: at the behavioural level (response to heavy metals, 
Salanki and Varanka, 1976); at the physiological level (uptake of heavy 
metals, Phillips, 1976); at the genetic level (response to salinity, Koehn et al., 
1976); and at the level of growth processes (Davies and Crenshaw, 1971). 
Physiological responses to oU are described by Gillfillan et al. (1977) and 

Jeffries (1972). 

Many bivalves are long-lived. Some unionid species live for 40—60 years 
(Imlay, 1982). In the marine environment slow growth and longevity tend 
to be associated with deeper or colder environments, e.g. Arctica islandica up 
to 90 years or more {Thompson et al., 1980), Macoma calcarea and Mya 
truncata up to 30 years (Peterson, 1978; Green et al. unpublished), Macoma 
balthica up to 24 years (at 35 m in the Baltic, Segerstrile, 1960), and Spisula 
solidissima up to 25 years (at 60 m in the North Atlantic, Jones et al., 1978, 
1983). Perhaps a Ufe span of a decade is typical for nearshore temperate 
marine environments. 

Most post-larval settlement bivalve molluscs are sedentary. For species 
that are not attached to hard substrates as adults, most movemente are 
seasonal and on the scale of a few meters to a few hundred meters, even 
for lotic unionid species (Coker et al., 1919). 

Gene flow within and among populations is not usually restricted by the 
movements of adults. Pelagic larvae of many marine species, and the glo- 
chidia of freshwater unionids which attach to fish hosts, ensure wide genetic 
dispersal. Fujio et al. (1983) surveyed genetic variation in 25 species of 
marine moUuscs (of which 23 were bivalves representing nine famdies) and 
concluded that they were generally more variable than marine teleosts, 
which certainly are characterized by adults capable of moving great distances 
during their life span. It is interesting that the pisidiids of fresh water, which 
lack a pelagic larva, are ovoviviparous and capable of self-fertilization, are 
reported to have relatively low genetic variability (Hombach et aL. 1980). 
Four Sphaerium species average 8% of loci polymorphic compared with 
41% for marine molluscs (from Fujio et aL, 1983), and 0.4% of loci hetero- 
zygous compared with 13% for marine molluscs. 

It is possible to culture a large number of bivalve species with ease and 
use them in laboratory studies. These include mussels, oysters (Haley et aL, 
1975) and Mercenaria (Castagna and Kraeuter, 1981), as well as the fresh- 
water Unionidae (Isom and Hudson, 1982; Hudson and Isom, 1984) and 
Pisidiidae (Mackie et al., 1978). Also, a number of bivalve species have been 
used extensively in genetical studies, particularly at the population level 
(see reviews by Longwell, 1976; Newkirk, 1980). 

The potential of the bivalve mollusc shell as a record of the environment 
which existed during its formation has long been recognized. The bivalve 
shell can record the environment in four different ways: growth rate, shell 
form, shell mineralogy and microstructure. and shell chemistry. Rate of 
growth is usually estimated from the spacing between annual, or other 
periodic, rings. Major review papers Haskin (1954), Clark (1968), Rhoads 
and PaneUa (1970), and Lutz and Rhoads (1980). Marking of individuals and 
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then following their growth over one or more years has been done in a 
number of cases (e.g. Chamberlain, 1931; Frank, 1965; Peterson et al., 
1983). It is now possible to use stable isotopes to validate age estimates 
from shell rings (e.g. Jones et al., 1983). Variation of mollusc shell form as 
a function of environment has t>een described for many species, e.g. peri- 
winkles (Newkirk and Doyle, 1975) and oysters (Groue and Lester, 1982), 
fresh water mussels (Green, 1972) and fingernail clams (Bailey et al., 1983). 
Fresh water unionacean shells also have great intraspecific variability (see 
Tevesz and Carter (19'80a) for a review). Environmental influence on sheE 
mineralogy has been considered mostly with regard to whether CaCOj is 
deposited as calcite or aragonite. However, that is not a simple matter, 
because of taxonomic diversity in the physiological processes involved 
(Carter, 1980). For chemical and isotopic composition of shells as an indi- 
cator of environment, Rosenberg (1980), Rye and Sommer (1980), and 
Imlay (1982) provide recent reviews. The best recent reference for all 
aspects of the use of shells as "biological records of environmental change" 
is Rhoads and Lutz (1980). 



REVIEW OF THE USE OF BIVALVES AS RESPONSE SYSTEMS 

In this section we wiU critically review previous work. Studies fall into 
three categories: (a) community and population studies; (b) studies on 
physiology, behaviour and genetics; and (c) studies on shell structure and 
chemistry. 

(a} Community and population studies 

The community level of response to environmental patterns has probably 
been recognized the longest, and yet it is still the most contentious and 
difficult to apply unambiguously. The attraction of, and the difficulties 
with, community species composition as a response variable is that it is the 
most biologically complex and integrated response. As Cairns (1983) puts it, 
the responses "are so complex that they could not be predicted from a 
detailed examination of the isolated component parts", and yet often "an 
assumption is made that responses at levels above single species can be 
reliably predicted with single species tests". The most pressing need "is not 
further perfection of single species tests, but rather the development of 
parallel tests at higher levels of organization." That is all very well, but one 
must ask why this pressing need has not already been met. There is no lack 
of evidence that community composition is responsive to environmental 
impacts (e.g. Linden, 1977; Loi and Wilson, 1979; Linden et al-. 1979; 
Kat, 1982; Elmgren et al., 1983). 

We would suggest five reasons why community response is a difficult 
variable to work with in practice; all are related to the complexity of the 
response. First, the observed shift in species composition often appears 
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Straightforward as a superficial description but, on closer examination, the 
response is less clear, as we begin to see the complexities of the other 
response levels which have been integrated to produce the community 
response. There are population phenomena, such as composition (Levinton 
and Suchanek, 1978), age structure effects (Dow, 1978; Bauer, 1983), and 
genetic composition (Green et al., 1983), operating over space and time. In 
some cases, a supposed indicator species may actually turn out to be a suite 
of sibling species (e.g. Grassle and Grassle, 1976). 

Second, community and population responses to environmental stress are 
often very non-specific. They may not be responses to the levels of environ- 
mental factors at all, but rather to their variability {e.g. Jackson, 1972). 
Species populations that are adapted to unpredictable environments are 
often more genetically variable and more resistant to environmental stresses 
(e.g. Levinton and Suchanek, 1978; Green et aL, 1983). Similarly, responses 
to human-derived impacts often 'map' the genetically based tolerance to vari- 
ability of the natural environment (Fisher, 1977; Zuim and Mendes, 1980). 

Third, 'community change' as a hypothesis implies a null hypothesis of 
no change, or stability, or persistence in some sense. There is no general 
agreement on the criteria for stability of communities, and indeed there is a 
real question of whether most natural, unimpacted marine communities 
are stable in any meaningful sense. Perhaps the only meaningful error term 
for testing the hypothesis of impact-caused community change is natural 
year-to-year variation (Green, 1984a, 1985). This means that long-term 
studies are necessary or, alternatively, short- term experiments with artificial 
communities (e.g. Sutherland and Karlson, 1977). 

Fourth, because of their complexity community level studies are usually 
carried out as observational 'experiments* in the field, and therefore they 
have severe inherent limitations. Because of the impossibility of randomly 
allocating replicates to the treatment and control conditions (Manly and 
Wright, 1982; Hurlbert, 1984; Green, 1984a), errors may be correlated and 
some variables may be confounded by the design. In many cases confounding 
is obvious and unavoidable, for example along estuarine or distance-from- 
shore gradients. Human-derived impacts are also often correlated with these 
gradients. The greatest danger is the possibility of undetected confounding, 
and the burden of proof lies with the investigator. The only adequate pre- 
caution is randomization in a controlled experiment, hence the inadequacy 
of any observational study. 

Fifth, the response of a natural community to environmental variation is 
usually complex and multivariate, difficult to describe and even more 
difficult to analyze statistically. Diversity indices (Hurlbert, 1971; Goodman, 
1975; Green, 1979a) and indicator species (Hart and Fuller, 1979) have 
been used to reduce the multivariate response to one or a few key variables. 
Multivariate statistical approaches offer great promise (Green, 1980, 1984a), 
but are still used mostly for an a posteriori description, and in many cases 
for salvage operations where careful planning and adequate sampling or 
experimental design were not employed. 
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(b) Physiology, behavk>ur and genetic studies 

Responses at this level faU into one of two categories. The first deals with 
resistance or survival at environmental extremes (e.g. LOso). while the 
second includes the capacity for adaptation or maintenance of rate functions 
at optimum levels over the normal environmental range. The capacity to 
adapt may result from decreasing energy expenditure (energy-conserving) 
or increasing energy inputs (energy-supplementing). Mann (1978) compared 
some indices of conditions (morphometric, biochemical and physiological) 
that have been used to measure the effects of stresses. These include the 
ratio of meat content to potential maximum size (gravimetric index), and 
some biochemical indices, such as percentage carbohydrate, carbohydrate/ 
protein ratio, C/N ratio, percentage organic (lOO-ash) content, and the 
ratio of Oj consumption rate to ammonia excretion rate. It is hoped that 
modem techniques will provide more sensitive responses to stress at the 
biochemical, physiological and genetical levels. The capacity for adaptation, 
reflecting homeostatic buffering following exposures to adverse environ- 
mental conditions, is probably species-specific. Therefore, species to be used 
for environmental monitoring should be abundant, pheno typically and 
genotypically variable, and easy to handle and to experiment with in the 
laboratory. For most aquatic systems molluscan species satisfy these require- 
ments. In particular, mussels (e.g. Mytilus spp.) have been used extensively 
for such programs (Keckes et al., 1968, 1969; Lee et aL, 1972; Bayne, 1976; 
Phillips, 1976; Sturesson, 1976; Bayne et al., 1976, 1979; Cunningham, 
1979; Freeman and Dickie, 1979; Cossa et al., 1980; Davies and Pirie, 1980; 
Zuim and Mendes, 1980; Ouellette, 1981; Aarset and Zachariassen, 1982; 
Poulsen et al., 1982; Arimoto and Feng, 1983; Ekelund et al., 1983; Fischer, 
1983; Dickie et al., 1984). Some of the other molluscan species used for 
such monitoring programs include A/acoma spp. (Wilde, 1975; Linden, 1977; 
Eldon and Kristoffersson, 1978; Linden et al., 1979; McGreer, 1979; Clement 
et al., 1980; Eldon et al., 1980; Shaw and Wiggs, 1980; StekoU et al., 1980; 
Langston, 1982; Elmgren et aL, 1983), oysters (Davis and Hidu, 1969; 
Cunningham and Tripp, 1973; Frazier, 1976; Ellis et aL, 1981; Watling, 
1982), Mya spp. (GiUfillan et al., 1977; Appeidoom, 1981; Walker et aL, 
1981; Macdonald and Thomas, 1982), and other shellfishes and clams 
(Foehrenbach, 1971; Jeffries, 1972; Nielsen and Nathan, 1975; Smith et ai., 
1975; Paparo and Sparks, 1977; Cunningham, 1979; OgaU andMiyake, 1981). 

Overall, the problem with these studies is that they do not permit unam- 
biguous conclusions because confounding with extraneous components of 
variation cannot be ruled out. Of particular interest in this context is the 
confounding effect of genetic variability, where populations may differ in 
their genetic composition over very short distances (Green et al., 1983). 
Furthermore, within-population genetic variability may reflect a large 
fraction of the total genetic variation in a species, and physiological param- 
eters thought to be independent may in fact be genotype dependent (Koehn 
and Shumway, 1982). 
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Molluscs have proven to be an excellent model system for the study of 
many aspects of ecological genetics. Allozyme genotype<s), particularly 
heterozygosity, have been used as probes for fitness characters associated 
with genetic variation, including growth rate and mortality (Singh amd 
Zouros, 1978, 1981; Singh, 1982, 1984; Singh and Green, 1984). The 
question is not whether heterozygosity is associated with fitness features 
in bivalves, but what the biochemical mechanism is that makes this asso- 
ciation possible. This may provide a common mechanism for the main- 
tenance of genetic variability in populations (Souie, 1980) which permits a 
response to challenges and selection (Franklin, 1980). Attempts to find 
unique allelomorphs to monitor environmental abuse have not been success- 
ful, but may be after further research. It is clear that using genetic analysis as 
a monitoring tool would pose most, if not all, the challenges discussed 
earlier for other types of community and population studies. 

(c) Shell structure and chemistry 

It is the ability to use mollusc shells to 'map' environmental variation over 
long time periods that is most appealing; this is being validated in two 
different ways. First, the suspected great longevity of some species has been 
validated, often with the aid of new technology (e.g. Thompson et al., 1980; 
Jones et aL, 1983). Second, the ability to use fossilized shells as paleo- 
environmental indicators has been more convincingly argued (Lutz and 
Jablonski, 1978a,b; Green, 1979b; Jablonski and Lutz, 1980; Green et al., 
1984). Growth and mortality rates on the time scale of the monthly, daily 
and semi-daily tidal cycle can be estimated (Clark, 1968; Evans, 1972; 
Richardson et aL, 1980), and "annual patterns of microgrowth increments 
have been observed within the shells of the majority of specimens that have 
been examined and analyzed in detail" (Lutz and Rhoads, 1980). Annual 
shell rings are being used for several widely distributed species in environ- 
mentally sensitive nearshore habitats (Mytilus edulis, Lutz, 1976; Macoma 
balthica, Green, 1973, Green et al., 1983; Mercenaria mercenaria, Kennish, 
1980). Effects of water chemistry and temperature on shell size or form 
are reported by Davies and Crenshaw (1971), Jones (1981a) and Storr et al. 
(1982). Macdonald and Thomas (1982) described the effect of oil, and 
Ekelund et aL (1983) the effect of chemical waste, on shell growth. 

Shell chemistry responding to environmental patterns is less well docu- 
mented. Rosenberg (1980) believes that "the extent to which shell chem- 
istry of bivalves can be used to make environmental . . . interpretation is, 
at present, unclear". The use of the shells of living or recent bivalves has 
fewer problems than the use of fossil shells, e.g. the likelihood of diagenetic 
alteration of shell chemistry (Raup and Stanley, 1971) is much less. Sturesson 
and Reyment (1971) found that Macoma balthica sheOs from low-salinity 
locations had higher Sr and lower Mg and Cu concentrations. Sturesson 
(1976) reported that Mytilus edulis exposed to lead incorporated it into 
their shells; the highest vzdues were in new CaCOs and in old periostracum. 
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Dodd (1965) found increasing Sr concentrations in Mytilus edulis shell with 
increasing temperature, but this was not observed by Lutz(1981). Koide et 
al. (1982) argue for the use of bivalve shells rather than tissues in monitoring 
for heavy metals; they found that byssal threads concentrated transuranic 
elements. Keckes et al. (1968, 1969) reported rapid uptake and retention 
of Zn*' in Mytilus provincialis at measurable levels in shell Lee and Wilson 
(1969) described a discharge-related variation of the Sr/Ca ratio in the 
sheUs of unionids, but their conclusions are questioned by Rosenberg (1980), 
Imlay's (1982) review paper provides a recent bibliography on freshwater 
bivalve shells. 

Appropriate analytical methods for the analysis of shells are reviewed by 
various authors in a book by Rhoads and Lutz (1980). Annual or other 
periodic rings may be seen on the shell surface, but validation by shell 
sectioning is essential For chemical analysis, shell layers can often be separ- 
ated by heating the sectioned shell, then prying layers apart with a scalpel 
and analyzing them separately (Tevesz and Carter, 1980b). Typical analytical 
methods involve the use of atomic absorption spectrometry or mass spectro- 
metry. Analysis across the exposed, unseparated, sheO layers in a shell 
section can be carried out by a transect of individual electron microprobe 
analyses. Unfortunately, the resolution of 'the probe' is often inadequate 
(Lutz, 1981; Green et al. unpublished). 

What then is the state-of-the-art in the use of shell structure and chemistry 
to monitor environmental variation? First of all, the use of shell chemistry to 
estimate paleoenvironments over geological time scales is compromised by 
the problem of diagenetic alteration. Second, the physiological processes 
involved are complex and diverse, and general models to predict particular 
responses from particular environmental stresses are not in sighL For 
example, the processing of heavy metals by bivalves is complex (Keckes 
et al., 1968, 1969; Smith et al., 1975), and depends on the organically- 
bound form of the metal that is involved, the species of unionid, and the 
details of the recent history of exposure. Physiological responses are often 
extremely non-linear, for example ratios of Sr and Mg to Ca are influenced 
by salinity at low salinity but not at higher levels (Dodd and Crisp. 1982). 
The uptake and the resulting concentrations of some metals vary with the 
organism's growth rate (Kumagai and Saeki, 1981). Third, the very fact that 
shell structure and chemistry 'maps' the variation of the natural environment 
(e.g. exposure, temperature, salinity) also means that these influences will 
always make the use of shells for monitoring environmental 'quality' difficult 
(if by that one means the influences of human-derived pollutants). Finally, 
periodic rings or shell layers may not in fact be periodic (Haskin, 1954; 
Jones, 1981b), although new methods have made this less of an art and 
more of a science. In summauy, it still appears that the use of shell structure 
and chemistry to monitor the environment has great potentieil, but there are 
serious problems which have yet to be overcome. For the present, the best 
studies of this kind will be those which control potentially confounding 
variables, such as taxonoraic, age, and natural environment variables. 
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APPROACHES TO BETTER MODELS 
Selection and formulation of variables 

We have already discussed how bivalve molluscs satisfy the basic require- 
ments of a good response system for monitoring environmental variation. 
Here we wiU argue for the exploration of the possibilities for new, sensitive 
response variables, and give some examples of innovation. A general review 
is given by the Food and Agriculture Organization (1976) and by Green 

(1985). 

Measurement of physiological and behavioural responses in the field is 
often difficult, and the result is often high variability in the apparently 
unimpacted situations (e.g. Nielsen and Nathan, 1975). Bayne et aL (1977) 
described an ingenious system for measuring the feeding rates and oxygen 
consumption of bivalves under field conditions, and reported results for 
Mytilus edulis and Cardium edule. Brafield and NeweU(1961) descnbed the 
behaviour of Macoma balthica, illustrating the kind of methodology which 
can permit the use of behavioural response as an informative variable, under 
field conditions. Under controlled laboratory conditions, quite subtle 
physiological and behavioural responses can be measured precisely. An early 
example is Hamwi and Haskin's (1969) method for determining respiration 
and pumping rates in Mercenaria. Holopainen (1977) described how to 
measure respiration in minute Pisidium. GUI ciliary beat rate can provide a 
precise measure of response to environment (Paparo and Sparks, 1977; 
Sparks et aL, 1981). The freezing tolerance of Mytilua responding to oU 
contamination was determined by Aarset and Zachariessen (1982). Gallagher 
and Mann (1981) described a simple, inexpensive and rapid method for 
assessing the nutritional status, or "condition", of bivalve larvae. Salanki and 
Varanka (1976) used a "mussel actograph" to record the rhythms of move- 
ment of the valves, influenced by Cu and Pb in their environment. Field 
observation of Afyti7/us edulis growth rates was described by Lubmsky 
(1967). A field experiment to determine environmental influences on 
growth rate in six species of bivalves was described by GUlmor (1982). 
McCuaig and Green (1983) and Green et al. (1983) derived growth rate 
parameters from field measurements of shell annual rings, and WatUng 
(1982) evaluated the effects of heavy metals on larval growth of three 
oyster species in the laboratory. Methods for assessing the effects of environ- 
mental stress on reproduction and larval development have been descnbed 
by Davis and Hidu (1969) and Bayne (1975). What are required now are 
refined studies which evaluate and compare potential response variables, 
ranking them by their ability to indicate environmental state and perhaps 
combining them into indices. Examples are given by Bayne et al. (1976, 
1981), Mann (1978), and Ekelund et al. (1983). Indices, in the sense of 
arbitrary compounds of simple response variables, are not generaUy advisable 
(Green, 1979a, 1980). Multivariate descriptions of response are preferred 
because the components of the data can express themselves, instead of a 
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preconceived component being forced onto the data. The use of cluster 
analysis to identify indicator species, or otherwise reduce multivariate 
response data which include bivalve molluscs, is described by Green and 
Hobson (1970), Smith and Greene (1976), and Mahoney and Livingston 
(1982). Kvalheim et al. (1983) used principal component analysis to describe 
the structure of pollutant concentration data. The derivation of multivariate 
vectors which maximize the strength of the relationship between a response 
vector and an environmental predictor variable (canonical analysis, dis- 
criminant analysis) is described and illustrated by Green (1972, 1979a). 

Predictor variables should include measures of natural environmental 
variation that may obscure or be confounded by the relationship between an 
impact and the biological response. The influences of physical factors, such as 
salinity and temperature, have been discussed. Here we will consider relevant 
biotic variables, which are seldom incorporated into models. The character- 
istics of individuals, such as age, size, weight, sex and reproductive condition 
have effects on the uptake of, and response to, heavy metals by bivalves 
(Cunningham, 1979). Bayne et ai. (1981) showed how sublethal responses to 
polluting hydrocarbons can be affected by the season, reproductive state and 
the size of the organism, and how such responses can be statistically adjusted 
for these variables. Fischer (1983) described the use of shell weight as an 
independent variable in relation to cadmium content. Freeman and Dickie 
(1979) showed that genetic differences between stocks of Mytilus edulis 
must be taken into account when the species is used as an environmental 
indicator. Fisher (1977) found that diatoms from estuarme environments 
were more tolerant to exotic chemicals than were diatoms of the same 
species from the open ocean, suggesting a genetically-based pre-adaptation to 
previously unexperienced impacts, derived from adaptation to a more 
rigorous natural environment. Parasites can influence behaviour, tolerance, 
and growth (e.g. Hulscher, 1973). Parasite species and levels of infestation 
can vary over short distances within a population (Threlfall and Goudie, 
1977). Spatial patterns of food avaUability, which may not be obvious, can 
determine abundance (Tunnicliffe and Risk, 1977) and growth rate (Beukema 
et al., 1977). Predation can determine size distributions (Goss-Custard et aL, 
1977) and shell morphology (Vermeij and Covich, 1978; Vermeij and 
Currey, 1980). Pielou (1975) shows how competition alone can produce 
species' zones on environmental gradients. The appUed ecologist should 
consider these example, and think about the implications if spatial variation 
in shell form or growth rate or tolerance was used as a measure of impact 
when the spatial pattern was partly caused by, or coincided with, patterns in 
parasite load, genetic composition, or competition pressures which had not 
been included in the model as explanatory, or predictor, variables. 

How should design be improved? 

Green (1979a, 1984a, 1985) and Bernstein and ZaUnski (1983) discussed 
the principles of good design in environmental studies. Such classic texts on 
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sampling and experimental design as those of Cochran (1953) and Winer 
(1971) should be at the elbow of any environmental biologist. The best 
biologically-oriented general statistics book, which has a good section on 
design, is that of Snedecor and Cochran (1980). 

We perceive three ways in which design can be improved. First, con- 
founded variables should be identified and controlled. Second, experiments 
performed in the field, or laboratory experiments coupled to descriptive 
field studies, should more often be part of our research. Third, descriptive 
field studies should be conducted over a number of years in order to assess 
among-year variability in the natural system. Each of these points will now 
be discussed briefly. 

The control of extraneous variables is considered by Gruenberger (1964) 
to be the most important in his list of 13 attributes of good science. Let us 
take several examples of confounded variables, and see how we would use 
the design to control the extraneous variable. Reading (1979) found that 
tide level-related factors influenced the shell length of Macoma balthica; if 
we were using Af. balthica growth rate as a response variable in an impact 
study, we should use only one tide level or use a stratified design containing 
several tide levels as the strata. Frazier (1976) described the seasonal vari- 
ation of metal dynamics in oysters; the use of metal concentrations as the 
response variable in a pollution study should be at one time of year only or 
stratified by time of year. Theede (1980) found that the sensitivity of 
estuarine molluscs to Cd depended strongly on salinity; if salinity cannot 
be controUed then it should be measured routinely to be able to evaluate 
the lack of balance in the design when analysing and interpreting the data. 

Experiments carried out in the field achieve the best of both worlds: (1) 
the validity of experiment with random assignment of true replicates to 
treatment levels; and (2) realistic conditions. Mahoney and Livingston 
(1982) conducted a long-term monitoring study and then evaluated the 
effect of fish predation on macrobenthos, including bivalves, by carrying 
out cage experiments with controls. Dickie et aL (1984) assessed the genetic 
influences on growth in different mussel stocks by conducting transplant 
experiments. Good examples of studies with complementary field obser- 
vations and laboratory experimentation are those of Leveque (1971), Smith 
et al (1975), Mann (1978), Sparks et aL (1981), and Green et al. (1983). 

One-year impact studies are finally receiving the skepticism that they 
deserve. When they are entirely observational in character, there is no true 
replication, and sampling variability is typically used as a 'pseudoreplication' 
(Manly and Wright, 1982; Hurlbert, 1984). Green (1984a, 1985) argues for 
the use of among-year variability as the error term in such observational 
studies, but this implies a pre-impact study over sufficient years to provide 
adequate among-years degrees of freedom. The long-term monitoring study 
described by Livingston (1982) and Mahoney and Livingston (1982) is a 
good example, as is the study in Baie de Concarneau reported by Chardy 
and Glemarec (1977) and Glemarec (1978). For very long records, paleo- 
ecological studies are valuable. Delorme (1982) uses ostracod species from 
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cores of Lake Erie sediments to assess the prehistoric record, and concludes 
that there has been little or no long-term trend in trophic state during that 
period. 

Statistical analysis and modelling 

Ideally, models, tests of hypotheses and statistical analyses in general 
should be based on balanced sampling or experimental designs (preferably 
some of both), and true replication randomly allocated to treatment levels or 
to locations subject to different conditions. (In this last case only some kind 
of artificial substrate or transplant experiment could satisfy the conditions.) 
Good examples of analyses, based on orthogonal (balanced) factorial designs 
are described by Kastendiek et al. (1981), Macdonald and Thomas (1982) 
and Theede (1980). 

Multivariate descriptions of biological response have been discussed; good 
designs lead to good statistical analyses and related tests of hypotheses for 
the multivariate, as well as the univariate, case (see Green, 1979a, 1980). 
Most ecologists think first of clustering and ordination when they think of 
multivariate statistics. The top data matrix in Fig. 1 represents the situation 
where there is no a priori conceptual partitioning of the data, for the purpose 
of the data analysis. The variables (columns) are all response variabiles, and 
the samples (rows) are not grouped a priori (into treatments, locations, 
times, etc.). We do not have an a priori model to fit to the data so as to 
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Fig. 1. Symbolic representation of data matrices which give rise to various statistical 
models. Reproduced from Fig. 3.3 of Green (1979a). 
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•structure' it; rather we have empirical data whose internal structure we wish 
to describe. The null hypothesis that there U no structure in the data corre- 
sponds to the null hypothesis that all correlations are really zero, except for 
sampling error. This can be tested using Bartletfs test of sphaericity (Green, 
1979a, p. 139; Green et al., 1983), and the description of structure should 
proceed only if the null hypothesis is rejected. If we expect a structure 
which will best be described by groupings of the samples and/or the van- 
ables, then we do cluster analysis. If we expect a structure best described by 
continuous gradients, we perform an ordination analysis of some kind 
(principal components analysis, factor analysis, multidimensional scaling, 
etc.). These were the first multivariate techniques to be employed in ecology, 
and they can be used effectively (e.g. Keys, 1976; Mahoney and Livingston, 
1982), but ecologists should be aware that every univariate statistical model 
is only a special case of a general multivariate model For example, the 
second symboUc data matrix in Fig. 1 implies an a priori structure of the 
variables, usuaUy into a predictor set on the right and a response set on the 
left If the left-hand set has one column we have simple regression or multiple 
regression, depending on whether the right-hand set has one, or more than 
one column. If the left-hand set has more than one column then there is 
more than one response variable, and we have canonical correlation analysis 
(Green 1972). The third symbolic data matrix in Fig. 1 implies a pnon 
structuring of the samples, into groups, treatments, locations, or whatever. 
If there is only one column we have analysis of variance, and if there is 
more than one then we have multivariate ANOVA and its extension, dis- 
Criminant analysis (Green, 1971; Salmon and Green, 1983). The fourth 
symboUc data matrix combines a priori variable structure and sample struc- 
ture and leads to univariate (Bayne et al., 1981) or multivariate (Green, 
1974) analysis of covariance. More complex factorial designs, univariate or 
multivariate, can be used (bottom symboUc daU matrix in Fig. 1). Different 
analyses can also be combined, for example (Green and Vascotto, 1978) 
clustering the biological response variable set (species abundances) and then 
using multivariate ANOVA and discriminant analysis to assess the separation 
of the 'faunal groups' thus defined, in a multivariate environmental variable 

The subject of modelling is too vast to treat in any detail here. Jeffers 
(1982) broadly surveys modelling (see also Green, 1984b), including models 
not often considered for ecological applications (e.g. matrix models, see 
Green, 1979b, Green et al., 1984; catastrophe theory models, see Kerr, 

1977) 

Finally good display of results is essential, and multivariate statistical 
methods can lead to exceUent visual displays. Symbol coded scatter pIoU, 
response surfaces, clusters of samples plotted in ordination space, and 
many other techniques are possible (Green, 1979a, 1980). Whether one is 
using multivariate statistical methods to test hypotheses or to describe 
patterns good display is necessary because multivariate tests are very power- 
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ful (especially when there are many variables and many samples) and 'signifi- 
cant' results are likely. Therefore, in the end the problem is the same, to 
describe effectively what is going on biologically in the data. 



SUMMARY 

In any model of a biological response, the time scale of interest is perhaps 
the most important consideration. Short-term changes in the behaviour and 
physiology of a particular species may be useful in sensitive models measur- 
ing a particular, subtle environmental impact. Longer term changes in 
communities (species richness, diversity, composition), population processes 
of a species (birth and death rates), and the genetic structure of a population 
may be needed in models of biological response to greater and/or longer 
lasting changes in the environment. 

Bivalve molluscs show promise as components of both long- and short- 
term models of environmental change. Their relatively well-studied behavi- 
oural, physiological, population and community responses to change may, 
with careful planning, be useful. In addition, all bivalves possess an accre- 
tionary shell. This shell enables researchers to model long-term changes in 
the environment which have affected sensitive behavioural and physiological 
processes (e.g. metal uptake). Thus, one has the best of both worlds, with 
the sensitivity of a short-term study in a long-term assessment. 
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Abstract 

Three Independent studies were used to examine the 
covariation between lake water chemistry and Elliptio complanata 
(Blvalvla: Unlonldae) shell morphology. Clams were collected from 
40 central Ontario lakes that were located both on and off the 
Precambrian Shield. Large, thicker shelled clams were found in 
more alkaline, less acidic lakes where the processes involved in 
calcium carbonate shell formation are more favourable. Large, 
narrower shelled clams were found in more turbulent (more 
exposed) habitats within lakes. This morphology could be adaptive 
because it would enhance the clams' ability to maintain its* 
position in turbulent habitats. 

Clams were collected from low and high exposure areas in 
each of four small Precambrian Shield lakes, of similar size and 
shape, that varied in acidity. Clams from low exposure sites were 
smaller and lighter than those from high exposure sites. This 
could be adaptive because small light shells would be less likely 
to sink in low exposure soft silt areas while large heavy shells 
would be less easily dislodged by wave action in high exposure 
sandy areas. There was no relationship between water chemistry 
and shell morphology. 

Clams were reciprocally transplanted between three small 
lakes, of similar size and shape, that were positioned on an 
acidity gradient. One year's growth and final trace metal 
concentrations (Cu. Cd, Zn, Mn) were evaluated. Growth during 
that year did not appear to be related to the acidity of the 
clam's destination. Tissue metal concentrations were a function 
of both population source and transplant destination. 
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Growth of Lampsilis radiata (Bivalvia: Unionidae) in Sand and 
Mud: A Reciprocal Transplant Experiment 

Scott G. Hinch, Robert C. Bailey, and Roger H. Green 

Department of Zoology, Univenity of Western Ontario, London, Ont NbA 587 

Hinch, S. C, R. C. Bailey, and R. H. Green. 1986. Growth of Lampiilis radiata (Bivalvia: Unionidae) in sand 
and mud: a reciprocal transplant experiment. Can. J. Fish. Aquat. Sci. 43: 548-552. 

To examine the effects of habitat on shell growth and form, freshwater unionid clams {Lampsilis radiata) were 
reciprocally transplanted between a sandy and a muddy site in Inner Long Point Bay, Lake Erie. There were 
significant differences in the initial shell dimensions of the two populations, with the sand clams being larger and 
less obese than the mud clams. Pretransplant growth rate analysis, using annual rings, showed that long-temi 
growth in the sand was greater than that in the mud. After 16 wk the transplanted clams were recovered. Overall 
growth rate was affeaed by the source of the clams, while transplant destination affected shape change (height 
growth per unit length growth). This suggests that shell growth rates may be under direct genetic control, while 
shell shape can be adaptively modified by environmental cues. 

Pour examiner les effets de I'habitat sur la croissance et la forme de la coquille, on a transplants des coquillages 
unionid^ d'eau douce (Lampsilis radiata) d'un site sableux k un site boueux et vice versa. L'expSrience a eu lieu 
dans la baie Long Point intSrieure du lac friS. Les dimensions initiales des coquilles 4taient tr6s diffSrentes d'une 
population d I'autre, les coquillages de sable Stant plus gros et moins ob^lses que les coquillages de boue. 
L'analysedu taux de croissance avant la transplantation, d'apr^ les couches d'accroissement annuel, a montrS 
que la croissance k long terme est plus forte dans te sable que dans la boue. Apr^ 16 sem, on a r^upSr* les 
coquillages transplant^. L'originedes coquillages influait sur leur taux de croissance global, alors que le milieu 
dans lequel ils Staient transplantSs conditionnait leur forme (croissance en hauteur par unit^ de croissance en 
longueur). Ces rSsultats portent i croire que le laux de croissance des coquilles est commands directement par 
des facteurs gSn^tiques, alors que la forme de la coquille peut subir des modifications adaptatives dictSes par les 
conditions environnementales. 
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Many researchers (Isely 1911; Wilson and Clark 1914; 
Crier 1920; Eagar 1948; Agrell 1949; Negnis 1966; 
Hannan 1972; Green 1972; Kat 1982) have ob- 
served correlations between habitat and the growth 
(inferred from size) and form of unionid clams. However, field 
experiments are necessary to verify such observational data. 
Biological monitoring using unionids is receiving increasing 
attention (Foster and Bates 1978; Cuiry 1977-78; Forester 
1980; McCuaig and Green 1983; Mitchell 1984). A better 
understanding of the factors affecting the growth and form of 
unionids will help to assess them as biological monitors of 
freshwater environments. 

On the basis of a field experiment, Kat (1982) detennined 
that growth rates of the freshwater unionid Ellipiio complanaia 
were reduced on muddy substrates. He hypothesized that on 
mud substrates clogged filtration systems would cause a re- 
duction in feeding efficiency. Conversely, Newell and Hidu 
(1982), using a laboratory Q^nsplant study, noted that the 
marine bivalve Mya arenaria grew more rapidly in mud than in 
sand. Their explanation was that food availability was greater 
in muddy sediments. Reciprocal transplants in the field have 
recently been used to examine the relative importance of habitat 
type and genotype on the growth rate of the marine bivalve 
Myiilus edulis (Widdows et al. 1984; Dickie et al. 1984). The 
purpose of this study was to utilize a reciprocal transplant 
experiment to show how habitat type affects growth rate and 
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and shell form in the freshwater unionid Lampsilis radiata 
(Gmelin 1792). 

Materials and Methods 

Two sites in Inner Long Point Bay, Lake Erie (42'*38'N, 
80'*24'W), were chosen for the study on the basis of substrate 
type, as reported in Hcathcotc (1981). One site, located south 
of St. Williams, Ont. had a muddy bottom whereas the other, 
located south of Turkey Point. Ont., had sand (Fig. 1). Se- 
lected environmental parameters were measured at both sites 
(Table 1). R. C. Bailey (unpubl. data) sampled 50 sites in the 
Inner Bay and found that the two sites in this study fell at nearly 
opposite ends of a sand- mud gradient. 

On June 4, 1984, 183 L. radiata were collected from the two 
sites using SCUBA. Clams were aged by counting annual 
rings. A letter and number code were scribed onto each shell to 
identify collection site and individuals. The initial length, 
height, and width of each individual (as defined in Tevesz and 
Carter 1980, our "width" measurement is equivalent to their 
"thickness") were measured using vernier calipers to the near- 
est 0.01 mm. Half of the clams were randomly chosen and 
replaced as controls at each site, while the remaining half were 
taken to the other site. The clams were "replanted" by hand in 
their normal living position (i.e. anterior end in the sediment). 
On September 21, 1984, after 16 wk of growth, marked indi- 
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Pkj. I. Inner Long Point Bay showing the mud (M) and sand (S) transplant sites. Inset shows location 
of bay in Lake Er^. 

Table 1 . Means (so) of environmental measurements from the mud and sand trans- 
plant sites. Measurements taken on June 21. 1984. 





Mud site 


Sand site 




(n = 3) 


<n = 3) 


Depth (m) 


2.50 (0.06) 


1.90(0.06) 


pH 


8.44 (0.02) 


8.44 (0.04) 


Alkaiinity (mg-L") 


124.33 (0.29) 


107.33 (0.76) 


Calcium (mg - L ' ) 


44.10(2.44) 


37.0! (1.41) 


% loss on ignition 


2.36 (0.20) 


0.64 (0.34) 


% sediment sample that did 






not pass through 75%-tim sieve 


20.03 (6.12) 


82.47(2.31) 


Macrophyte species present 


Valtisneria americana 
Najas sp. 
Myriopkylium sp. 
Potamogeion praelongus 


Chara sp. 



vidtuls were recovered from both sites. Final lengths, heights, 
and widths were remeasured. 

The means of the initial log-transformed shell length, height, 
atid width measiircments at each site were compared using 
multivariate analysis of variance (MANOVA). This was fol- 
lowed by calculation of the normalized discriminant vector 
describing the difference in the mud and sand populations with 
respect to shell dimensions. 

Long-term growth was assessed using analysis of covariance 
(ANCOVA), which compared growth ring data from the mud 
and sand populations using the Walford plot model (McCuaig 
and Green 1983). This model assumes von Bertalanffy growth 
curves. Growth ring data were collected by measuring lengths 
of the most legible pair of consecutive annual rings on each 
clam. This sampling strategy differs from that of McCuaig and 
Grwn (1983) and Green et al. (1983) who measured as many 
pairs nf consecutive annual rings on a single clam as possible. 

Short-term growth was assessed from the reciprocal trans- 
plant experiment data. A factorial multivariate analysis of co- 
variance (MANCOVA) was carried out using fmal length, 
height, and width of the clams as the dependent variables and 
initial length, height, and width as the covariates. This is a 
multivariate factorial analogue of the Walford Plot ANCOVA 
utilized and described by McCuaig and Green (1983). It en- 
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ables one to determine both the statistical signincancc and the 
nature of differences in growth along the three dimensions due 
to the source of the clams, their transplant destination, and the 
interaction of these two factors. 

A factorial ANCOVA was also run on each dimension 
(length, height, and width) separately as an aid to showing how 
growth in each dimension was affected by source and des- 
tination. In each of these analyses the final size of the dimen- 
sion was the dependent variable and the initial size was the 
covariate. 

Results 

The initial dimensions of the clams (Table 2) were sig- 
nificantly different (based on Wilks criterion, MANOVA 
F(3,104) = 130.14. P < 0.01). The normalized discnminant 
vector derived from this analysis (Table 2) indicated that the 
clams from the sand site were longer and taller but less obese 
(narrower at a given length) than the clams from the mud. 
Relative height (height per unit length) was less in the clams 
from the sand. If the difference in the populations was only a 
matter of size. Chen all of the discriminant coefficients would 
be equal. This is based on an allometric growth model de- 
scribed by Mosimann (1970). The fact that the width coeffi- 
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Table 2. Means (SD) of initial shell dimensions (mm) in the total 
sample and in each group, and the normalized discriminani cocfri- 
cients from a comparison of the sand and mud clams. 



Total 
(« - 107) 



Sand 

in " 53) 



Mud 

(« = 54) 



Normalized 

discriminant 

coefTicient 



Length 
Height 
Width 



58.7 (10.6) 
35.2 (6.0) 
25.7 (6.0) 



68.0(5.7) 
40.6 (2.6) 
30.9 (3.4) 



49.6 (4.3) 
29.9 (2.9) 

20.7 (2.7) 



0.78 
0.58 
0.26 




FKj. 2. Walford Plots of the lengths at consecutive sinnual rings for L. 
radiam from (he sand (*) and mud (D) sites. Length at time t is L,, 
length at time t + I is L,*,. 

cient is much smaller than the length coefricient indicates a 
proportionately smaller increase in width, relative to increase 
in length, for the clams from the sand. 

The mean ages of clams collected from the sand and mud 
populations were ll.l ± 1.7 (±95% confidence limits) and 
10.4 ± 1.7 yr, respectively. These means are not signifi- 
cantly different (r-test, P > 0.05); therefore, differences in 
initial shell dimensions are not a result of differences in popu- 
lation age. 

Ctams from the mud and sand populations have the same 
relative growth rates (i.e. they approach their asymptotic size 
at the same age) based on the consecutive annual growth ring 
data (ANCOVA; Fig. 2). However, the clams from the sand 
site grow to a greater maximum size (Fig. 3) (F( 1,100) = 
290.5, P < 0.01) and thus have a greater absolute growth rate. 
The growth equations derived from the annual ring data are 
as follows: 
Mud population: 

L, - 67.7(1 - e'°*"') 

Sand population: 

L, - 115.3(1 - <•-""") 
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TabL£ 3. Normalized discriminant coefricients and probability levels 
for factorial MANCOVA of length, height, and width growth of 
transplanted clams. 

Length Height Width P 



Source 0.429 0.895 

Destination -0.593 0.803 

Source x destination 0.490 0.867 



0.142 
0.049 
0096 



0.023 
0.008 

0.284 



TaBI^ 4. Probability levels for factorial ANCOVA's of 
length, height, and width growth of the transplanted clams 
(df = 1.103). 



Length 



Height 



Width 



Souice 0.0% 0.004 365 

Destination 0.121 0.018 0.786 

Source x destination 0.202 0.095 0.781 



where L, = length at time i and l = time in years. 

We recovered 58% of all marked individuals: 64% from the 
sand site and 54% from the mud. The factorial MANCOVA of 
the pre- and post-transplant data (Table 3) showed that both the 
source of the clams and their destination had significant effects 
on their shell growth in the reciprocal transplant experiment. 
There was no interaction between source and destination. The 
discriminant coefficients indicate that the "source" effect is on 
overall growth rate (i.e. all coefficients are positive). Clams 
from the sand site grew faster than those from the mud site. 
£)eslination affected growth in height relative to growth in 
length (i.e. the length and height coefficients have opposite 
signs). Both control and tmnsplanted clams placed at the mud 
site grew more in relative height (height growth per unit length 
growth) than control and transplanted clams placed at the 
sand site. 

The ANCOVA's of each dimension (Table 4) show similar 
results. The adjusted growth of each group of clams along 
each of the three dimensions was determined from these 
ANCOVA's (Table 5). To obtain these, the mean final size of 
each dimension for each group was adjusted by the ANCOVA 
for differences among the clams in initial size, and then sub- 
tracted from the initial size of the dimension. 

Discussion 

We determined from initial shell sizes that clams from the 
sand are longer, taller, and less obese than those from mud. 
Analysis of annual growth rings shows that clams from the sand 
grow faster than those from mud although both groups reach 
their asymptotic size at the same age. The results from the 
transplant experiment also indicate that clams from the sand 
grow faster than those from mud. These three independent 
analyses all result in a similar conclusion: L. radiata from sand 
grow faster and are less obese than those from mud. 

Clams from the sand habitat had greater lengths and heights 
than those from the mud. Kat (1982) speculated that a similar 
trend observed in the lengths of E. complanata from muddy 
substrates resulted from a reduction in feeding efficiency 
caused by fine sediments clogging the clams' filtration system. 
Stansbcry (1970), however, suggested that muddy substrates 
reflect reduced water flow regimes, and therefore a reduction 
in available food may be a cause of reduced unionid growth in 
muddy habitats. 
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Pig. 3. Growth curves for L. radiata from the sand (---) and mud ( — ) sites. The ranges of data used 
10 d«ive these curves are indicated by horizontal broken lines on each curve. 



Both the clogged filtration system and the nutritive-stress 
hypotheses might have been used to explain variability in L. 
radiata growth i^tes. However, they can not explain greater 
shell obesity in the clams from muddy sediments. Variation in 
shell dimensions may represent morphological adaptations to 
the environment. Large and long shells will assist (he clam in 
maintaining its position in and moving through sandy, moi^e 
turbulent areas. Smaller, more obese shells will permit the clam 
to present a broad surface in nonturbulent, soft-silt areas there- 
by enabling the clam to maintain its position by reducing the 
amount of sinking. 

Horn and Porter ( 1 98 1 ) noted that in Lake Waccamaw, obe- 
sity of Lampsilis sp. was positively correlated with percent 
organic matter of the sediment. Tevesz and McCall (1979), 
after observing a similar phenomenon in L. radiata siliquoidea 
in western Lake Eric, suggested that this characteristic en- 
hances buoyancy and helps preclude sinking in soft sediments. 
The result from the present study agree with those of Tevesz 
and McCali. 

Adaptations of a species to different habitats can be environ- 
mentally induced (phenotypic plasticity) or directly inherited 
characteristics. Results from the reciprocal transplant experi- 
ment suggest that both phenomena are occurring in L. radiata. 
The source of the transplants was most important in predicting 
variation in overall shell growth, indicating a genotypic adapta- 
tion of shell growth rate to the clam's original environment. 
Variability in relative height growth, however, was a function 
of the clam's destination. Clams that were left in the mud 
tended to grow relatively taller regardless of their source. A 
similar response in shell form was observed by Newell and 
Hidu (1982) for transplanted M. arenaria. They suggested that 
greater relative shell heights in transplants to mud is an adap- 
tive characteristic that would reduce clam sinkage in soft sub- 
strates. Although greater relative width growth (increase in 
obesity) might have been predicted in clams that were trans- 
planted to the mud, there is so little growth in width in adult 
clams over one season that such differences were hard to 
detect. 

The argument for a genetically controlled growth rate is 
Can. J. Fish. Aquat. Sci.. Vol. 43. 1986 



Tabl£ 5. Adjusted growth (mm) of length, height, aad 
width of transplanted clams. 



Source: 




Sand 




Mud 


Destination: 


Sand 




Mud 


Sand Mud 


Length 
Height 
Width 


1.82 
t.58 
0.80 




1.39 
1.68 
0.80 


1.12 1.08 
0.41 0.94 
0.36 0.48 



based on the "source" effect from the transplant experiment. 
Environmental effects on gene expression could have occurred 
early in the lives of these clams, and thus the "source" effect 
may not necessarily represent genetic differences between the 
two populations. However, preliminary clectrophoretic data 
(R. C. Bailey, unpubl. data) suggest differences in allelic fre- 
quencies between mud- and sand-dwelling L. radiata sampled 
from Inner Long Point Bay. 

Differential selection pressures may be present in the differ- 
ent habitats. Thus, genetic differences in growth rates could 
arise between the mud and sand populations of L. radiata. 
These differences may be maintained through reduced gene 
flow between the populations as a result of habitat preferences 
among fish hosts of the glochidia (parasitic larval clams). 
Alternatively the transplants may have been exhibiting "pheno- 
typic latency." The potential for phenotypic responses in 
growth rates of the transplants to their new environment may 
have existed, but the length of exposure was not sufficient for 
these responses to be elicited. 

Any adaptation would be expected to optimize morpho- 
logical and physiological responses of a population to its en- 
vironment (Gaitner-Kepkay et al. 1980). This phenomenon 
has important implications for unionid biomonitoring studies. 
These studies usually entail taking clams from a relatively 
"clean" source and tranplanting them to areas where trace con- 
taminant levels are to be determined. If investigators do not 
consider the fact that genetically different populations of a 
monitor species can exist, comparisons of studies over time 
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could pnxluce misleading results, since contaminant uptake 
may be related to genetically determined growth rates. For 
instance, a study measuring uptake of a contaminant using 
clams taken from a sandy habitat may not be comparable with 
another year's study using the same species of unionid taken 
from a silty habitat. Standardizing the source and genotype of 
the unionid biomonitors could make results of these studies 
more comparable. This may be possible through laboratory 
culturing of the clams, which is now possible without fish hosts 
(Isom and Hudson 1982; Hudson and Isom 1984). 

Research is needed to determine the effects of differential 
trace contaminant uptake in populations of unionids taken from 
different habitats. Until such results have been evaluated, data 
from many unionid biomonitoring studies are not comparable. 
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Abstract 



To compare the relative magnitude of variation in shell 
morphology within and among lakes, £. complanata were collected from 
low and high exposure areas in each of four small lakes in soutH- 
central Ontario. Nested ANOVA's on shell length, height, width and 
weight revealed that shell morphology varied much more between sites 
of differing exposure within a lake than among lakes of differing 
alkalinity. Canonical variate analysis showed that clams from high 
exposure areas had larger and proportionately taller and heavier 
shells than those from low exposure areas. There was no relationship 
between alkalinity of lakes and shell morphology. These results 
suggest that the use of unionid shell morphology to predict ♦whole lake 
water chemistry (e.g. alkalinity) requires sampling designs which take 
into account within-lake variation in shell morphology. 



Introduction 

Morphological variation in freshwater unionid clams is correlated 
with variation in turbulence or exposure in the benthic environment. 
Unionids which occupy exposed habitats in lakes are smaller and "more 
obese (wider at a given length) than conspecifics which occupy less 
exposed habitats (Coker et al. 1921; Brown et al. 1938; van der 
Schalie and van der Schalie 1950; Stansbery 196I: Green 1972; Clarke 
1973; Tevesz and Carter 198O). This may be a stunting effect of wave 
action as clams would require inquire a continuous energy expenditure 
just to stay in place(Brown et al. 1938). Alternatively individuals 
with small obese shells may be less often dislodged by turbulence and 
shifting currents that occur in lakes during storms (Clarke 1973). In 
rivers, on the other hand, unionids from areas of fast water flow tend 
to be large and narrow relative to clams from areas of weak currents 
(V/ilson and Clark 191^; Eager 1978). Wilson and Clark (19ia) 
suggested that these large and narrow shells are adapted for furrowing 
through coarse substrates and withstanding strong currents. Eager 
(1978) felt that small obese shells would enable clams to maintain 
their position in soft silt (i.e. weak current) areas. 

Thus, "lake" and "river" unionids show opposite correlations 
between shell form and exposure or water turbulence, and both adaptive 
and nonadaptive hypotheses have been proposed to explain this 
phenomenon. In rivers, size decreases and obesity increases with 
decreasing exposure (slow current flow) while in lakes, size decreases 
and obesity increases with increasing exposure. However, Hinch et al. 
(1986) used a reciprocal transplant experiment to show that growth 
rates of Lampsilis radiata (Bivalvia: Unionidae) were lower in a 
mucky, less exposed site than they were in a sandy, more exposed site 
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in Inner Long Point Bay, Lake Erie. They postulated that the same 
environmental conditions affecting clams from strong and weak current 
areas in rivers caused growth variation in clams from the high and low 
exposure areas in the Inner Bay. However, at very high exposure sites 
in large lakes (e.g. Brown et al. 1938). suboptimal conditions may 
reduce growth rates. Thus in large lakes, growth rates may be maximal 
at an intermediate level of exposure. 

We collected similarly aged Elliptio complanata from four 
relatively small lakes in south-central Ontario. In each lake clams 
were sampled from a low and high exposure area. We predicted that 
within a lake, clams from the more exposed site would be larger and 
narrower than those from the less exposed site. To help assess the 
importance of within-lake variation in shell morphology due to 
exposure, we compared within-lake variation to among-lake variation 
due to alkalinity. It has been suggested that variation in alkalinity 
can cause variation in shell shape (Mackie and Flippance I983) and 
growth rate (Green I98O; Singer 1981). 
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Materials and Methods 

The four study lakes at^e located In south-central Ontario on the 
Precambrian Shield (Fig. i;'2). Although morphologically similar, the 
lakes vary substantially in alkalinity (Table 1). 

The mean wind direction for the ice free season (F'lay to November 
inclusive) based on monthly wind data summaries from 19E3 and igSil 
was from the west-south-west (approximately 250*'; Environment Canada: 
Muskoka airfield. 30 km west of Dorset Ont.). We collected 25 clams 
using SCUBA from a low (southwest) and high (northeast) exposure site 
(population depths ranged from 1.5-2. 5 m) in each lake. Stretches of 
shoreline that were near inflows and outflows were not considered. To 
eliminate age structure as a confounding factor only old individuals 
(greater than 12)years of age based on annual rings) were collected. 
These clams are at or are very near their asymptotic size. 

The meat was removed from each clam and the shells were allowed 
to dry. Shell length, height and width (as defined in Hinch et al. 
1986) were measured using Mitutoyo 500-110 Digimatic Calipers to the 
nearest 0.01 mm. Each shell was weighed on a Mettler PB3000 balance 
to the nearest 0.01 g. 

Log-transformed length, height, width and weight were used in 
the statistical analyses to linearize allometric relationships among 
the variables. A nested AN'OVA estimated the proportion of the total 
variance of each variable due to variation among the four lakes, 
between exposure levels within the lakes and among individual clans 
within the sites. We used SAS PROC NESTED (SAS Institute 1932) to 
estimate these components of variance. 

The relationship' betw^sn exposure and shell form wa.5 described 
using a canonical variate analysis (Reyment et al. 198ii) of the 
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ffioi*phoraetric variables. Amon^-lake variation was excluded from this 
analysis by adjusting the data frcn each lake to a mean of zero. We 
did a similar analysis of among-lake variation in morphology by 
adjusting the data from each exposure site within a lake to the lake 
mean. SAS PROC CANDISC (SAS Institute 1932) was used to perform the 
canonical variate analysis. 

Confidence ellipses (95%) of the means of the first canonical 
scores from the "exposure" and "lake" analyses were plotted using 
Altmans's (1978) algorithm programmed in SAS. 
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In each lake, clams from the high exposure site had longer, 
P taller, wider and heavier shells than those from the low exposure site 
^ (Table 2). Components of variance computed from the nested ANOVAs 
I'M r- revealed that much more of the variation in shell morphology resulted 
'■ from differences between exposures (within-lake) than from variation 
^ among lakes (Fig. 3). There was a significant (P<0.01, d.f.=^,ig2) 
J^ between-exposure effect and a non-significant (P>0.20, d.f.=3,a) 
^ among-lake effect, on each variable. The significance levels are not 

a fair comparison of "exposure" and "lake" effect (the between 
I exposure test has many more error degrees of freedom). However, Fig. 
3 is a fair comparison of the relative magnitude of the components of 
B variation. 

f Canonical variate analysis of between-exposure variation (Table 

/-'^o5 ^^ showed that clams from high exposure sites were larger and 

:*m H proportionately taller and heavier than those from low exposure sites. 

^^m. ^ similar analysis of among-lake variation (Table M") showed a gradient 

wT of decreasing obesity (height and length increasing relative to width) 

m and decreasing shell thickness (height and length increasing relative 

to weight. The 95% confidence ellipses of the "exposure" and "lake" 

Mu canonical scores for each site (Fig. k) show that clams from high 



f-^ exposure sites in all four lakes fell higher on the "exDosure" axis 
^^j-f than those from low exposure sites. Among-lake variation was primarily 
due to Bark Lake clams. Bark Lake was intermediate in alkalinity (see 
Table 1). Differences in Tock and Green Lake clams (lowest and highest 
in alkalinity respectively) were not important in the "lake" canonical 
axis. Among-lake variation In shell morphology does not appear to be 
correlated with variation in alkalinity, but we realize that we have 
limited power in detecting such a relationship with only four lakes. 
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Discussion 

Exposure affected variation in unionid shell morphology 
similarly in all four lakes. Clams from low exposure sites were 
smaller and lighter than those from high exposure sites. These 
characteristics may be adaptive because small, light shells would 
preclude sinking in low exposure, soft silt areas while large, heavy 
shells would prevent dislodgement by wave action in high exposure, 
sandy areas. The results agree with those of Hinch et al. (1986), 
Although other studies have not reported similar results, an analysis 
of unpublished data from Green (1980) revealed that Anodonta grandis 
(Unionidae) from the more exposed east shore of Shell t^ke N.W.T. were 
larger than those from the west shore. Thus, the relationship between 
exposure and growth rate has been shown in three unionid species. 

Some researchers have suggested that variation in alkalinity can 
cause variation in unionid growth patterns. Singer (1981) collected A. 
grandis from lakes that ranged in pH from 6.6 to 8.6 and noted that 
clams from the more acidic lakes had slower growth rates. Mackie and 
Flippance (1983) sampled 53 freshwater habitats along an alkalinity 
gradient and observed that the weight to length ratio of E. complanata 
decreased with decreasing calcium content of the water relative to 
alkalinity, total hardness and pH. Green (1980) sampled one area in 
Boot and Shell Lakes in the North West Territories for A. grandis and 
suggested that the larger heavier shells from Boot Lake were a result 
of the lake's higher alkalinity. However, interpretation of these 
studies is difficult because within-lake variation in growth rates was 
not considered. In the present study, aitjong-lake variation was not 
related to alkalinity after the effects of within-lake variation due 



9 

to exposure had been removed. Among-lake variation primarily resulted 
from differences in the Bark Lake clams, which were thicker-shelled 
and smaller than clams from the other three lakes. The available lake 
data do not suggest why this- difference^ existX- 

Estimates of variability in unionid shell morphology have often 
been made by sampling only one area of a lake (e.g. Mackie and 
Flippance 1983; Ghent et al. 1978). Our results indicate that within- 
lake variation must first be assessed before among-lake variation is 
examined. This 4<^ particularly itcuj -i«- lakes where wind-induced 
exposure varies considerably along the shoreline. 
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Table 1. Selected morphometric characteristics (data provided by the Ontario 
Ministry of Natural Resources) and total inflection point alkalinity values 
(data provided by the Ontario Ministry of the Environment) of the study 
lakes. Alkalinity values are averages of samples collected from 1978 to 198A. 





Lake characteristic 


lock Lake 


Bark Lake 


Beech Lake 


Green Lake 


Total inflection 
point alkalinity 
(iieq'T) 


22 


153 


238 


243 


Area (km ) 


1.2 


1.7 


1.4 


1.2 


Perimeter (km) 


7.2 


9.0 


6.6 


5,1 


Volume (km'^'lO'^ 


6.9 


7*7 


14.1 


6.0 


Mean depth (m) 


5.9 


4.6 


10.4 


5.0 


Maximum fetch (km) 


2.5 


2.0 


2.2 


2.0 



Table 2. Means (SD) of shell characters from low and high exposure sices 
in Che study lakes. In all groups n=25. 



Lake Length (na) Height (mm) Width (nun) Weight (g) 



9.6 (2.9) 



Took low 66.0 (5.4) 33.2 (2.7) 17.7 (1.9) 

lock high 74.1 (5.8) 37.2 (3.0) 19.6 C2.1) 14.1 (3.6) 

Bark low 59.4 (4.5) 28.6 (1.8) 17.8 (i.5) 8.1 (2.0) 

Bark high 64.2 (3.1) 30.9 (1.5) 19.4 (1.2) 10.8 (2.1) 

Beech low 63.3 (6.3) 31.6 (3.5) 16.7 (2.4) 8.5 (2.8) 

Beech high 72.1 (6.3) 36.6 (3.1) 19.7 (2.2) 13.6 (3.7) 

Green low 63.0 (8.6) 31.1 (J*. 2) 16.2 (2.6) 8.8 (4.5) 

Green high 66.9 (7.7) 33.1 (3.8) 17.7 (2.5) 11.0 (4.7) 



Table 3. Standardized canonical coefficients for 
each variable and the correlation of each variable 
with the canonical score from the canonical variate 
analysis of between-exposure variation. 





Shell 


Standardized 


Structure 


character 


coefficient 


coefficient 


Length 


-0.13 


0.93 


Height 


0.61 


0.96 


Width 


-0.07 


0.88 


Weight 


0.76 


0.98 



Table A. Standardized canonical coefficients for 
each variable and the correlation of each variable 
with the canonical score from the canonical variate 
analysis of among-lake variation. 





Shell 


St 


andardized 


Structure 


character 


coefficient 


coefficent 


Length 




0.43 


0.50 


Height 




1.93 


0.65 


Width 




-1.37 


-0.14 


Weight 




-0.50 


0.19 
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Size- and age-specific patterns of trace metal concentrations in freshwater clams 
from an acid-sensitive and a circumneutral lake 
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Hinch, S. G., and Stephenson, L. A. 1987. Size- and age-specific patterns of trace metal concentraiions in freshwater clams 
from an acid-sensitive and a circumneutral lalce. Can. J. Zool. 65: 2436-2442. 
We collected freshwater clams (EiUptio complanata) from an acid-sensitive and a circumneutral lake in south central Ontario 
and compared tissue metal concentrations. Clams from the acid-sensitive lake had higher concentrations of Cu and Cd and lower 
concentrations of Zn and Mn than clams from the circumneutral lake. Tissue concentrations did not reflect metal levels in the 
water. Competition may be occurring between metals for binding substrate in clam tissue. Clam size and (or) age successfully 
predicted tissue metal concentrations, but in a metal-specific and tissue-specific manner. Clam biomonitoring studies should 
therefore control for size and age variability. Lake buffering capability was not very important in influencing size- and 
age-specific patterns of tissue metal concentrations. However, this conclusion is based solely on data from two lakes. 



Hinch, S. G., et Stephenson, L. A. 1987. Size- and age-specific patterns of trace metal concentrations in freshwater clams 
from an acid-sensitive and a circumneutral lake. Can. J. Zool. 65 : 2436-2442. 
Nous avons ricolli des moules d'eau douce (Ellipiio complanata) dans un lac peu tamponnd el un lac presque neutre du centre 
sud de rOntario et avons 6valu6 les concentrations de m^taux dans leurs tissus. Les moules du lac acide avaieni des 
concentrations de Cu et de Cd plus ilev^es et des concentrations de Zn el de Mn plus falbles que les moules du lac neutre. Les 
concentrations dans les tissus ne refl^taient pas les concentrations des m^taux contenues dans I'eau. II semble y avoir competition 
entre les m^laux pour se lier aux substrats dans les tissus. La taille des moules ou leur 5ge, ou la combinaison des deux facteurs, 
permettent de prddire assez bien les concentrations de mdiaux dans les tissus. mais d'une fa^on s|>^cifique ^ chaque metal et 
sp^ifique k chaque tissu. 11 est done essentiel de contrdler la variability de la taille et celle de I'age dans ce genre d'etudes. La 
capacit<i-tampon du lac ne semble avoirque peu d'inHuence sur les variations des concentrations lissulaires de m^taux en fonclion 
de la taille et en fonction de I'ige. Cependant, cette conclusion n'est bas^ que sur les donndes obtenues en deux lacs. 

[Traduit par la revue] 



Introduction 

Freshwater unionid clams are used to biologically monitor 
variation in environmental levels of trace metals through in situ 
(Forester 1980; Imlay 1982; Great Lakes Institute 1984) and 
transplantation (Krauss et al. 198 1 ; Great Lakes Institute 1985) 
studies. Much of the variability in trace metal tissue concentra- 
tions in marine clams has been attributed to variability in clam 
size or age (Hugget et al. 1973; Boyden 1974, 1977; Ayiing 
1974; Watling and Watiing 1976; Bryan and Uysal 1978; 
Romeril 1979; Cossa et al. 1980; Strong and Luoma 1981; 
Popham and D'Auria 1983; Szefer and Szefer 1985; Cain and 
Luoma 1986). However, it is uncertain whether freshwater 
clams exhibit similar patterns. In this study we examine size- 
and age-specific patterns of trace metal concentrations in the 
freshwater clam Elliptic complanata (Unionidae). 

The bioavailability of many trace metals is enhanced by 
increasing environmental acidity (Tn- Academy Committee on 
Acid Deposition 1 985; Campbell and Stokes 1985; Stokes efu/. 
1985; Kelso et al. 1986). In acid-stressed, poody buffered 
waters, bioaccumuiation of trace metals has been reported in 
algae (Stokes et al. 1985), fish (Scheider et al. 1979; Harvey 
and Frazcr 1982; Kelso and Gunn 1984), and clams (Forester 
l980;Graney etal. 1984). We collected £. comp/ana/a from an 
acid-sensitive and a circumneutral lake to compare differences 
in metal concentrations in clam tissue between the two lakes 
with differences in size- and age-specific trace metai patterns. 

Methods 

We collected 50 E. complanata. including as wide a size range as 
possible (lengths. 45.9 to 84.9 mm), using scuba from a low exposure 
(low water turbulence) site in each of two small lakes during the 1st 
week of August 1985. Beech Uke (45°05' N, 78°42' W) and Jock 
Lake (45°I6' N, 78°53' W) are located in south central Ontario on the 



Precambian Shield (Fig. I). Although morphologically similar, the 
lakes differ greatly in total inflection point aikalinities (Tock and Beech 
lakes, 22 and 238 (icquiv-L"'. respectively. Ontario Ministry of 
Environment data, 1980- 1 983). Total concentrations of trace metal in 
water from the two lakes are very similar, although Beech Lake has 
slightly higher Mn levels (Table 1 )■ Shell length, height, and width (as 
defined in Hinch et al. 1986) were measured to the nearest 0.01 mm 
using Mitutoyo 500-1 10 digimatic calipers. Live clams were brought 
back to the laboratory and were kept alive for I week in their original 
lake water in which time they purged the contents of their digestive 
system. Clams were ihen frozen alive in their shells and kept frozen 
(-20''C) until they were needed for analysis. Clam soft parts were 
removed from the shell while still frozen using a clean stainless steel 
scalpel and were thoroughly rinsed with distilled water. The gills were 
dissected from the remaming visceral mass (body) and analyzed for 
metals separately because they often contain larger concentrations of 
metals (Hemelraad etal. 1986). Gill water (I.e., water contained in gill 
tubes) was included in analyses. Tissues were oven-dried at 80°C in 
preweighed, acid-washed Coors evaporating dishes, and Ihen digested 
in concentrated ultrapure nitric acid for 18 h. Solutions were healed at 
temperatures just below boiling until near dryness. After cooling, I N 
ultrapure nitnc acid was added to the solutions, which were then 
filtered through acid-washed ashless No. 40 tiller paper. The filtrate 
was analysed for levels of Cu, Cd, Zn, and Mn using flame spectro- 
photometry on a Pcrkin-Eimer model 5000 atomic absorption spectro- 
photometer. Background correction was used. Blanks were run at the 
beginning of each analysis session to ensure that extraneous metals 
were not entering the samples. Standard additions of randomly chosen 
samples demonstrated that there were no spectral interterences or 
signal suppression during the analyses. 

Dry shells were coated with epoxy resin and a radial cut was made on 
all left valves from the umbo to the fanhest point on ihe shell ventral 
margin using a Buehler Isomet low-speed saw with a diamond wafenng 
blade. The cut shell edge was polished with line-grain diamond grit 
paper and was affixed to a frosted microscope slide using cpoxy resin. 
Once dried, most of the shell was cut off the slide using the Isomci saw . 
leaving a thin section of shell, approximately 0.5 mm thick, on the 
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Table I. Mean concentration (SE) of metals 
" ' ' in Toclt Lake and Beech Lake 



(mg-L' 



Fig. I . Location of study areas in Halibunon County, south cenli^l 
Ontario. 

slide. Clams were aged under a light microscope by counting the 
continuous thick, dark bands in a thin section rnside the shell. These 
dirk bands represent cessation of a year's growth (Isely 1914; Negus 
1966, Haukioja and Hakala 1978; Strayer et al. 1981; McCuaig and 
Green 1983) and were easily distmguishable from nonconiinuous thin 
bands, which are probably formed in response to environmental 
disturbances. Ghent ei al. ( 1978) used a mark- recapture technique to 
verify growth ring annularity in Anodonta grandis and Imlay ( 1982) 
concluded from his literature review that aging unionids by counting 
dark bands within the shells was a very reliable method. In the present 
study £. complanata were independently aged by two people. Results 
from both were in agreement {P < 0.05. r^ = 0.70). Clam ages ranged 
from 2 to 14 years. 

One-way analysis of variance (anova) was employed (using 
log-iransformed trace metal concentrations) to compare trace metal 
concentrations in gill and body tissue between the (wo lakes. To assess 
(he interrelationships between clam metal concentrations, canonical 
vanates analyses were also performed on gill and body trace metal data. 
Analysis of covariance (ancova) was used to compare the relation- 
ships between clam age and length and clam metal concentration in the 
two lakes. Clam length was used as measure of size since it was highly 
correlated with clam height and width and since it exhibited the greatest 
range out of these variables. 

Results 

Trace metal concentrations in both gill and body tissues 
differed between Beech Lake and Tock Lake clams (Table 2). 
Tissues of Tock Lake clams had higher concentrations of Cu and 
Cd and lower concentrations of Zn and Mn than those of Beech 
Lake clams (P < 0.05 in all cases). A canonical vanates 
analysis of trace metal variability in gills defined an axis from 
Tock Lake to Beech Lake of increasing Cu and Cd concentrations 
relative to those ot Zn and Mn. A similar analysis of trace metal 



Tock Lake 



Beech Lake 



Mn 
Cd 
Cu 
Zn 



0.01! (0.001) 
0.0003" 
0.001" 
0.008 (0.005) 



0.014 (0.001) 
0.0003" 
0.001" 
0.005 (0.002) 



Note: Samples were coilecied jusi above the clam populaiioiu 
in (he waur column. Water samples (three at each sue) were 
latoi at ihe time of clam collection. Mcul analysis was performed 
by the Omano Ministry of the Environment. 

'Significant difference between lakes (/* • 0.03). 

*At or near minimum detectable limits. 



Table 2. Mean metal concentrations (SE) (^.g* 
g"' based on dry weight) in gill and btxjy tissues 
of E. complanata from Beech Lake and Tock Lake 





Beech Lake 


Tock Lake 




(n = 50) 


(n = 50) 


Gills 






Cu 


13.28(0.80) 


18.51(1.11) 


Cd 


10.10(0.61) 


12.78(0.64) 


Zn 


371.32(15.38) 


273.81(10.30) 


Mn* 


140.80(5.70) 


104.90(4.63) 


Body 






Cu 


7.29(0.26) 


10.29(098) 


Cd 


10.98(0.82) 


14.51(0.65) 


Zn 


155.50(6.2!) 


134.17(8.93) 


Mn* 


42.20(2.77) 


23.50(1.70) 



*Mcan Mn concentrations have been divided by l(X). 

Table 3. Standardized canonical coefficients for each variable and 
the correlation of each variable with the canonical score from the 
canonical vanates analyses of gill metal variation and body metal 

variation 





Gills 




Body 






Standardized 
coefficient 


Structure 
coefficient 


Standardized 
coefficient 


Structure 
coefficient 


Cu 
Cd 
Zn 
Mn 


0.77J 

0.587 

-1.009 

-0.075 


0.625 

0.417 

-0.643 

-0.590 


0.318 

1.140 

0.069 

-1.490 


0.428 

0.457 

-0.385 

-0.657 



variability in body tissues derived an axis from Beech Lake to 
Tock Lake of increasing Mn concentrations relative to those of 
Cu and Cd (Table 3). Both models accounted for significant 
(P < 0.0001) proportions of the total variability of trace metals 
in gill {r^ = 0.51) and body (r^ = 0.62) tissues. 

T(x:k Lake clams were slightly larger (means, 65.2 vs. 
61.8 mm; P < 0.05) and older (means, 6.4 vs. 4.6 years; P < 
0.05) than Beech Lake clams. However, there was no relation- 
ship between size and age for these populations, possibly 
because of the great variability in E. complanata growth rates 
among individuals and the lack of extremely young mdividuals 
in the samples from both lakes. Size and age were therefore used 
as independent covariates in each analysis. 

Each ancova was successful in predicting tissue trace metal 
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In langth x lake 0.378 

aga x lake 0.27B 
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Fig. 2. Giil metal concentrations versus In length and age by lake <- 



Source of variation P 

In length 0.923 

age <0.001 

lake <0.001 

In length x age 0.717 

In length « lake 0.634 

age x lake 0.303 

In length x aga x lake 0.692 



Beech Lake; 



Tock Lake). Planes were derived from 



ANCOVA-predicted values. Source of variation and probability levels from each ancova are included. Negative concentrations may be present 
because original metal concentrations were log- trans formed. 



vanability and in each case the lake was a significant contributor 
to the nmodel. Clam age was a good predictor of gill Zn and Mn 
concentrations (Figs. 2c and 2cf} while gill Cd was better 
predicted by clam size (Fig. 2b). Young, small clams had 
proportionately higher giil Cu concentrations in Tock Lake than 
young, small clams in Beech Lake relative to old, large clams 



from both lakes (Fig. 2a). Clam age and size were useful in 
predicting Zn concentrations in body tissues (Fig. 3c) while 
clam age was primarily responsible for modelling body tissue 
Mn concentrations (Fig. 3d). Big, old Tock Lake clams had 
greater body tissue Cu concentrations than small, young Tock 
Lake clams (Fig. 3a). Young Tock Lake clams had relatively 
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<0.001 
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S In langth x *^ 
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0.035 
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0.739 
0.598 
0.952 
0.727 
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Sourca of variation _P 

In langth 0.119 
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laka <0.001 

In langth i age 0.911 

In length x lake 0.S49 

age i laka Q.261 

In length x age i lake 0.406 



In Length (mm)-^ 

Ro. 3. Body metal concentrations versus In length and age by lake ( , Beech Lake; . Tock Lake). Planes were denved from 

ANCOVA-predicted values. Source of variation and probability levels from each ancova are included. Negative concentrations may be present 
because original metal concentrations were log-transformed. 



high body tissue Cd concentrations at a given length while large 
Beech Lake clams showed a similar response at a given age 
(Fig. lb). 

Disoission 

The trace metals examined in this study are known to increase 
in gcochemical mobility (i.e., leave soils and sediments in an 
aqueous form) with increasing acidification (Tri-Academy 



Committee on Acid Deposition 19851 and are generally found in 
greater concentrations in nonbuffered than in buffered waters in 
Ontario (Forester 1980). Tock Lake is acid sensitive and has low 
buffering capabilities while Beech Lake is circumneutral and 
buffers acidic input. However, water metal levels were similar 
between the lakes. Although Beech Lake had slightly higher Mn 
levels in the water than Tock Lake, and Beech Lake clams had 
higher Mn concentrations than Tock Lake clams, clam metal 
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Table 4 Relaiionships between Cu, Cd, Zn, and Mn concentrations and size and 

age (inferred from size) in marine molluscs: metal concentrations increase with size 

( + ), decrease with size (-), or are not related to size (0) 







Metal-size 






Trace metal 


relationship 


Reference 


Mercenaria 








mercenana 


Cu 


+ 


Romeril 1979 




Zn 


* 


Romeril 1979 




Mn. Zn 


■- 


Boyden 1977 


Mytilui 








edulis 


Cu, Cd. Zn 





Brixand Lyngby 1985 




Cd. Mn, Zn 


+ 


Szefcr and Szefcr 1985 




Cu 


— 


Szcfer and Szefer 1985 




Cu 


— 


Pophamand D'Auria 1983 




m 


* 


Ritz<r;a/. 1982 




Zn 





Riiz etal. 1982 




CU 


— 


Ritz etat. 1982 




Cu, Cd, Zn, Mn 


— 


Cossa etal. 1980 




Cd.Zn 


+ 


Harris era/, 1979 




Mn. Cu 


^* 


Harris <r( u/. 1979 




Cd 





Boyden 1977 


Ostrea edulis 


Mn 


+ 


Boyden 1977 




Zn, Cu. Cd 





Boyden 1977 


Patella 








vulgaia 


Cd 


* 


Boyden 1977 




Zn 


~ 


Boyden 1977 



I 
I 



concentrations did not reflect lake metal levels. In the more 
alkaline environment (Beech Lake) clams had higher Mn/Cu, 
Mn/Cd, Zn/Cu, and Zn/Cd ratios. These results are similar to 
those of Servos etal. ( 1987). who examined bioaccumulation of 
metals by E. complanata over a 2-month period during acidic 
snowmelt. In their study, Zn concentrations increased relative 
to Cd concentrations in gill and body tissues in a less acidic 
environment (pH 6.2 to 6.8) as compared with more acidic 
environments (pH 4.5 to 5.5). Mechanisms that control this type 
of phenonmenon are not fully understood. 

Marine clams are known for their ability to selectively 
accumulate trace metals (Romeril 1979). although mechanisms 
that are responsible for accumulation, storage, and elimination 
of metals may differ depending on the metal (Robinson and 
Ryan 1986). There can be competition between metals for a 
limited supply of binding substrate (ligand) within mollusc 
tissue (Mason and Simkiss 1983). Mason and Simkiss suggest 
that the competitive nature of metals for ligands can be altered 
depending on environmental metal levels. In other words, one 
or a few particular metals could alter the competitive nature of 
many metals for ligands. Competition between trace metals for 
binding substrate in £. complanata has been reported by Tessier 
et al. (1984) who proposed that iron oxyhydroxides and 
manganese oxides, which originate in the sediments, compete 
with Cu and Zn for binding substrate within the clam tissue. 
They suggested that Fe and Mn play a protective role as they 
may be the principal factors controlling the dissolved trace 
metal concentrations to which the clam is exposed. Mn may 
play a similar role in this study. Where Mn levels were relatively 
low (Took Lake), Cu and Cd concentrations were greater in the 
clams. Where Mn levels were relatively high (Beech Lake), Cu 
and Cd concentrations were lower in the ciams. Patterns of clam 
Zn concentrations cannot be explained in this manner. Metal 
concentrations m sediment fractions from the lakes may have 



been more useful than water metal concentrations for predicting 
metal concentrations in clam tissues. 

Gill and body tissue metal concentrations exhibited similar 
patterns of variability within each lake, although concentrations 
in the gills were usually twice those in body tissue. Unionid gill 
tissues are often found to have the greatest concentration of 
metals when organs are separately analysed (Tessier et al. 
1984); V.-BaloughandSalanki 1984; Hemelraad etal. 1986). 
However, gill metal concentrations may not reflect what is 
actually in the gill tissue. The gills are covered m mucus which 
aids m trapping food. Indigestible material accumulates on the 
gills as pseudofeces (mucous balls) and is eventually eliminated 
(Morton 1983). It is quite likely, therefore, that both the mucus 
and pseudofeces, which are not easily washed off, represent an 
additional source of metals. Thus concentrations of metals m the 
gill tissue may be overestimated. During the clams' reproductive 
season, glochidia raised in the gills may also contribute to gill 
metal levels. However, none of the clams in the present study 
appeared gravid and it is known that £. complanata generally 
spawn 4 to 6 weeks earlier than our sampling penod (Matteson 
1948). For these reasons the current practice in large-scale 
biomonitoring studies of including gills in whole body analyses 
should be reassessed. Gill inclusion may be inappropriate if gills 
increase body tissue trace metal variability. Body tissues 
probably reflect longer-term environmental metal levels than 
gills; therefore exclusion of gills from whole body analyses 
would also allow more accurate comparisons in long-term 
transplantation studies. 

Relationships between metal concentration and clam size and 
age varied among metals. This type of variability is common in 
marine molluscs where size-specific metal concentrations vary 
among and within metals, among and within species, and 
among studies (Table 4). There are many factors that could 
enhance variability in size- and age-specific patterns of trace 
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metals in clams. For example, feeding habits may influence the 
amount of particulate metals that are ingested (Smock 1983); 
reproductive state and seasonal variation in growth rate (Strong 
and Luoma 1981) could alter metal flux by altering metabolic 
processes (Cain and Luoma 1986) which are responsible for 
filtering rates (Cossa er al. 1980). It is also possible that clam 
growth could dilute tissue concentrations despite environmental 
levels if tissue is added faster than metals are accumulated 
(Strong and Luoma 1981) Physiological explanations for the 
observed size- and age-specific patterns are not within the scope 
of this paper. However, it is clear that investigators who wish to 
compare £. complanaia metal concentrations should standard- 
ize clam size and age. This would especially apply to clam 
biomonitoring studies where comparisons arc made among sites 
and years. 

In only two of eight cases (gill Cu and body Cd) did lake 
interact with clam size and (or) age in modelling tissue trace 
metal variability. Buffering capability, which is the primary 
difference between the two lakes, is therefore not very impor- 
tant in influencing size- and age-specific variability in trace 
metal concentrations. Popham and O'Auria (1983) came to 
similar conclusions about Mytilus edulis, which were sampled 
along a pollution gradient. They determined that size- and 
age-specific metal uptake was independent of population 
location. However, with only two lakes in our study, caution 
should be used when our results are extrapolated to larger-scale 
systems. 
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Abstract 
ElllPtlo complanata (Unlonidae: Bivalvla) were sampled from 
a low and hlah exposure (water turbulence) site In four softwater 
Ontario lakes that varied in pH and alkalinity. External shell 
etchins on each clam was quantified usins an imaee analysis 
digitizer system. Within-lake variation in shell etching was 
contrasted using a log-log analysis of covariance approach. Clams 
from seven of the eight sites exhibited isometric shell etching, 
that is, percent shell etching remained the same as clam size 
increased. High exposure clams in each lake were proportionately 
more etched than low exposure clams suggesting that etching is a 
physical process related to water turbulence. Etching was not 
related to variation in lake water chemistry. 



Introduction 

Freshwater unionid clants possess shells which are primarily 
composed of calcium carbonate (Wilbur 1964). Where calcium and/or 
carbonate availability Is low (i.e. poorly buffered freshwaters) 
unionid shell growth rates may be reduced (Coker et al. 1921; 
Green 198O; Singer 1981; Mackie and Flippance 1983). Some unionid 
species have decreased abundance in low alkalinity environments 
(e.g., Green 1972), but unionids can be Important in a freshwater 
system's calcium budget. Green (198O) found that Anodonta 
gpandia acted as an important calcium sink in a lake on the edge 
of the Shield near Inuvlk, North West Territories. Approximately 
5OX of the calcium in this lake was in shells of live Ax. grandis . 
This calcium is returned to dissolved form in the lake water only 
on shell dissolution. 

The unionid shell is covered by a thin fibrous schlero- 
protelnaceous layer called the periostracum. This layer is 
thought to protect the shell from physical and chemical abrasion 
and to serve as a matrix for the deposition of calcium carbonate 
crystals (Saleuddln and Petit 1983)- The periostracum' s 
resilience seems to decrease on older portions of the shell as it 
is often missing from the umbonal region. Underlying shell 
layers, primarily calcium carbonate. are also often missing. 

It has been suggested that external shell etching (the loss 
of periostracum and underlying shell layers) is a chemical 
process analagous to the weathering of calcareous rock by weak 
acids (i.e. naturally occuring carbonic acids) (Beauchamp 1886; 
Grier 1920; Coker et al, 1921). In poorly buffered waters 
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recelvlne larse Inputs of anthroposenlc acids, shell dissolution 
could be enhanced (Coker et al. 1921; Brown and Jewell 1926; 
Tevesz and Carter 198O). An alternative explanation for this 
phenomenon is that shells are being physically eroded by contact 
with abrasive particles in benthic areas experiencing water 
turbulence. An Interaction may exist between physical and 
chemical etching processes. 

The phenomenon of shell etching has never been 
quantitatively evaluated. In this study we examined shell etching 
in freshwater unionid mussels f Elliptio comolanata ) collected 
from four lakes which vary in alkalinity. Within each lake clams 
were collected from an area of high exposure (high water 
turbulence) and low exposure (low water turbulence). Wlthln-lake 
variation in shell etching due to exposure differences will be 
contrasted using a log-log analysis of covarlance approach. This 
analysis also enables one to examine how shell etching varies 
with clam size. The results from these analyses for the four 
lakes will be compared. 



Methods 

The four study lakes are located in south-central Ontario on 
the Precambrian Shield (Fig. 1). Although morphologically 
similar (see Hinch and Bailey, In press), the lakes were chosen 
to differ in alkalinity and pH. Mean wind direction for the ice 
free season is from the west-south-west, based on Environment 
Canada wind summary data from 1983 and 198^1. In August 1985. 
twenty-five clams were collected using SCUBA from a low 
(southwest) and a high (northeast) exposure site in each lake 
(Fig. 2). Clams ranged from 1.5 to 2.5 m depth. Stretches of 
shoreline near inflows and outflows were not sampled. To reduce 
the effects of age structure as a confounding factor only old 
individuals (greater than 8 years of age based on annual rings) 
were collected. These clams are very near their asymptotic sizes. 

The meat was removed from each clam and the shells allowed 
to dry. Shell etching was quantified using an image analysis 
process run on a nlcrocomputer-based digitizer system. Detailed 
descriptions of the design, construction, specifications and 
software of the system can be obtained through correspondance 
with Dr. Lewis Brown (Dept. Plant Sciences, University of Western 
Ontario, London, Ontario, Canada; unpubl. data). Shell etching 
was defined as any area on the shell which was missing 
perlostracum and underlying shell layers (Fig, 3). In 
preparation for the digitizing process, all etched areas were 
painted white. This provided a sharp contrast with the dark brown 
non-etched areas. Non-etched shell areas were first determined. 
Both valves of a given shell were placed under the video camera, 
with the outer shell surface up. The dark area was digitized and 



Its area determined. Although this digitizing process only 
determines area in 2 dimensions, £j. complanata have a thin 
profile (Hinch and Bailey in press). Therefore distortion caused 
by shell width was probably minimal. Total shell area was then 
determined by painting the shell's entire external surface black 
and repeating the digitizing process. Etched area was equal to 
the total shell area minus the non-etched shell area. 

Investigating the differences in etched shell area between 
high and low exposure clams among the four lakes is the purpose 
of this study. However, comparing absolute differences would 
ignore variability attributable to clam size. Since etched area 
may vary with size, some form of standardization is required. 
Deriving a ratio variable (i.e. percent shell area etched 
etched area/total area X 100) would not be useful since ratios 
possess poor statistical properties and they tend to obscure 
certain relationships when used as dependent variables in 
statistical models (see Green 1979. PP. 104-105; and references 
within). A log-log regression analysis using log of etched area 
(LEA) as the dependent variable and log of non-etched area (LNEA) 
as the independent variable is more suitable in this situation 
(Green 1986). With this statistical model the following scenarios 
would apply. A regression slope of one would occur when percent 
etched area remains unchanged as clam size increases. A slope 
greater than one implies that larger clams have a greater 
percentage of the shell etched than do smaller clams, and a slope 
less than one implies that larger clams have a lower percentage 
of the shell etched. 



It could b© argued that the Independent variable should be 
some measure of clam size {i.e. total etched area or clam 
length) and not LNEA. However, interpreting these results would 
be difficult because LEA is included in clam size. This would be 
analagous to regressing variable 'Y' on variable 'X + Y' which 
could result in spurious relationships caused by variable 
confounding. 

Analyses of covarl&nce (ANCOVA), with log of non-eroded area 
as the covariate, were used to compare regression relationships 
between the high and low exposure sites within each of the four 
lakes. A nested, random effects ANCOVA, similar to the preceding 
model except that among-lake variation is also estimated, was 
used to estimate the proportion of the total variance in shell 
etching attributable to variation among the four lakes, between 
exposure level sites within the lakes, and among individual clams 
within the sites. 
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Results 

Bonferroni's inequality, which controls the maximum 
experlmentwise error rate (Snedecor and Cochran 198O), was I 
applied to the ANCOVA results for the four lakes. The criterion 
error rate for each of four simultaneous comparisons is P<0.013. 
in order to obtain an experlmentwise error rate of O.05. 
Comparisons of the interaction term (LNEA X SIDE) from the four 
analyses revealed that all were non-significant except for Bark 
Lake which was marginally significant (Table 1). Thus, only in 
Bark Lake is there evidence that exposure influences the 
relationship between clam size and percentage of shell that is 
etched. The effect of exposure (SIDE) was significant in each 
lake indicating that exposure influences the percentage of shell I 
that Is etched. The high exposure clams were proportionately more 
etched than the low exposure clams in each lake (Table 2). 

The hypothesis that the slope of LEA-LNEA relationships is 
one cannot be rejected for clams from any of the eight sites 
except for those from the high exposure Bark Lake site, which I 
exhibit a slightly negative LEA-LNEA relationship (Table 3). This 
is based on Bonferroni's inequality, the criterion error rate for 
eight simultaneous comparisons being P<0. 006ft, in order to obtain 
an experlmentwise error rate of O.05. 

Components of variance computed from the nested ANCOVA I 
indicate that 52. 3X of the total shell etching variability 
resulted from differences between exposures (within-lake) . Lakes 
did not differ significantly in degree of shell etching. The 
remaining 47. 7X wa& accounted for by differences among individual 
clams within sites. 
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Discussion 

Shell etchlns does not appear to be related to differences 
in lake water chemistry (i.e. alkalinity, pH) as others have 
proposed (Grier 1920; Coker et al. 1921; Tevesz and Carter 198O). 
Since variability in etchina was primarily explained by exposure 
differences, we sussest that shell etching is mostly a physical 
process related to water turbulence. Shells probably are eroded 
either by abrasive sediment particles collldinir with the shell or 
by shells beina dislodged and scoured on the substrate. Shell 
etching may be greater on clams from exposed habitats because 
larger and coarser sediment particles are more prevalent in wave- 
washed, turbulent habitats. This "sand-blasting" effect could 
weaken the proteinaceous perlostracum of the shell until it 
begins to flake off. Underlying the perlostracum are prismatic 
and nacreous shell layers. These layers consist primarily of 
organic material (conchiolln) and calcium carbonate (Tevesz and 
Carter 198O). Once exposed, the calcium carbonate would be 
vulnerable to dissolution. Total shell dissolution is prevented 
or at least slowed down by thick, adventitious organic layers 
which are sporadically distributed within the nacreous layers. 
Although these layers can be actively deposited in response to 
deep solution pitting in certain unionids, their effectiveness 
will presumably be reduced by continued shell erosion. 

The slopes of the LEA-LNEA regressions did not differ from 
one (except for Bark Lake high exposure clams) implying isometric 
changes between shell etching and clam size. Percent shell 
etching remains the same as clams size increases for both high 
and low exposure clams despite the fact that high exposure clams 
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from each lake have a much faster growth rate than the 
corresponding low exposure clams (Hinch and Bailey in press). 

The nature of the size-etching relationship in high exposure 
Bark Lake clams is different from the other sites. In these 
clams, non-etched area increases at a faster rate than etched 
area decreases. Thus it would appear that as clams get bigger, 
absolute shell etching gets smaller. Although unionids can 
superficially reseal holes in their shells and can reinforce 
eroded areas using adventitious conchiolin (Tevesz and Carter 
1980) it is unlikely that they can replace nacreous shell layers 
and periostracum on their umbo. We cannot explain these types of 
etching patterns. 

Log-log ANCOVA models are useful for estimating and 
comparing percentages (i.e. percent shell erosion from low and 
high exposure clams in the present study) without using derived 
ratio variables (Atchley et al. 1976; Green 1979, PP- 103-105; 
Green 1986). There may be a problem with application of ordinary 
least squares (OLS) regression to such "error-in-X" bivariate 
data. Estimates of slopes may be biased downward (Green 1986). 
For example, the low slope values estimated for some of the eight 
sites may not really be that low. McArdle (in press) discusses 
complementary and alternative methods to performing OLS 
regression on these data. 
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Table 1. Probability levels for main and interaction effects 
froitt the analyses of covariance contrastins low and hish exposure 
sites within the four lakes. For an experlmentwise error rate of 
•<«0.05, the appropriate << f or each test is 0.013 based on 
Bonferronl's inequality. Astericks denote values that are not 
associated with null hypotheses of interest. 



loa-non-etched area (LNEA) 
side of lake (SIDE) 
LNEA X SIDE 



Beech 


Green 


Bark 


Tock 


Lake 


Lake 


Lake 


Lake 


« 


« 


« 


« 


0.001 


<0.001 


0.009 


<0.001 


0.0211 


0.267 


0.008 


0.022 
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Table 2. Mean (SE) shell etched area (mm ) from the two sites 
within the four lakes. At each site n«25. 

site mean SE 



Beech high 


1216.83 


(98.43) 


Beech low 


429.08 


(76.65) 


Green hljsh 


638.03 


(77.47) 


Green low 


277.74 


(34.95) 


Bark high 


475.84 


(45.55) 


Bark low 


368.86 


(26.05) 


Took high 


801.77 


(57.95) 


Tock low 


300.33 


(29.33) 
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Table 3. Estimates of slope (SE) for LEA-LNEA regression 
relationships from the two sites within the four lakes. The 
t-statlstics are based on the null hypothesis that slope = 1. 
Absolute t values are listed since test is two-tailed. The 
critical t value (df=23; «<=»0.05) is 2.07- For an experimentwise 
error rate of «<«0.05, the appropriate «*<: for each test is 0.0064 
based on Bonferroni*s inequality. The critical t value (df=23: 
»<:=0.0064) is 3.26. 



site 

Beech hish 
Beech low 
Green hish 
Green low 
Bark high 
Bark low 
Tock high 
Tock low 



lope 


SE slope 


t value 


0.46 


0.74 


1.97 


2.119 


1.04 


1.43 


1.72 


0.80 


0.90 


0.86 


0.27 


0.52 


1.81 


0.57 


4.90 


0.34 


0.54 


1.20 


1.30 


0.41 


0.73 


0.78 


0.79 


2.25 
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TOCK LAKE 



^O" 



alk 22 pH 6.0 



GREEN LAKE 




alk 243 pH 7.5 




BEECH LAKE 

alk 238 pH 7.2 
2 km . 





BARK LAKE 
alk 153 pH 6.3 
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EXECUTIVE StJMMARY 

Freshwater mussels (clans) from the Shubenacadie River Headwater 
Lakes in Nova Scotia are highly contaminated with arsenic (As) and 
mercury (Hg). Soft tissue concentrations of these elements vary among 
species and lakes, and are influenced by body weight. Age is also 
suspected to be a factor, therefore the shells of three species of 
mussels from two lakes (n-249) were aged. One of the species 
( Elliptlo complanata ) could be aged much more accurately than the 
other two ( Anodonta implicata and Alasmidonta undulata ) . It also grew 
more slowly and was longer-lived (17 years or more vs. 8-9 years for 
the other species). E. complanata from the most contaminated site 
(Powder Mill Beach) were significantly smaller at a given age than 
those from the less contaminated Lake Thomas, suggesting the 
possibility of sublethal toxic effects. The influence of age on 
differences in the bioaccumulation of As and Hg among the species 
could not be determined, because age estimates for A. implicata and 
A. undulata were too inaccurate. 

E. complanta is recommended for biomonitoring in the Atlantic 
region. Because it is long-lived, contaminants should bioaccumulate 
over time to detectable levels. Also, because it can be accurately 
aged, different year classes can be analyzed separately. This species 
is widely distributed in central and eastern Canada, and has been used 
extensively for biomonitoring in Ontario and Quebec. Therefore, there 
is an existing data base for comparing environmental contamination in 
the Atlantic region with other regions in Canada. 



Mussels accumulate metals in their shells as well as their soft 
tissues. Shells retain a sequential record of contamination in the 
annual growth rings, and therefore have potential for mapping changes 
in environmental contamination over time. Two techniques for 
analyzing trace metals in shells, the electron microprobe and 
secondary ion mass spectrometry (SIMS), were evaluated. Both failed 
to detect measureable concentrations of As, Hg , Pb or Cd due to a lack 
of sensitivity and/or various interferences. These methods require 
further development and refinement before they can be used for this 
application. 

This work was supported by DSS contracts to the University of 
Vestern Ontario, and was partly funded by the Water Quality Branch, 
Atlantic Region. 



I 
I 
I 



MANAGEMENT PERSPECTIVE 

The freshwater raussel, Elliptio complanta is recommended for 
bioiDonitoring in the Atlantic region, based on its high 
bioaccumulation capacity for environmental contaminants, its 
longevity, the accuracy with which it can be aged, and its apparent 
sensitivity to toxicants. In earlier work, we found that E. 
complanata from the Shubenacadie River headwater lakes bioaccumulated 
high concentrations of arsenic and mercury in their soft tissues. 
This species has also been shown to bioconcentrate other heavy metals 
and organochlorine pesticides. In the present study we found this 
species to live almost two decades - twice as long as two other 
species with which it coexists in the Shubenacadie watershed. E. 
complanata is therefore capable of accumulating persistent 
cpntaxDinants over long periods of time to analytically detectable 
levels. Because it can be accurately aged, which was not the case for 
the other two species, relationships between age and contaminant 
uptake can be confidently evaluated. Furthermore, age classes may be 
analyzed separately in order to identify trends in environmental 
contamination. E. complanata from Powder Mill Beach, which is highly 
contaminated with arsenic and mercury, were significantly smaller at a 
given age than those from the less contaminated Lake Thomas. This 
suggests the possibility of sublethal toxic effects. 

Mussels accumulate contaminants in their shells as well as their 
soft tissues. Shells retain a sequential record of contamination in 



their annual growth rings, and therefore have potential for mapping 
changes over time. Two techniques for analyzing trace metals in 
growth rings, the electron raicroprobe and secondary ion mass 
spectrometry (SIMS), were evaluated. Both failed due to a lack of 
sensitivity and/or various interferences. With further development 
and refinement, however, the SIMS technique shows promise. 
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ABSTRACT 

Freshwater must^els £roffi the Shubenacadie River Headwater Lakes in 
Kova Scotia are highly contaminated with arsenic (As) and mercury 
(Hg) due to historic gold mining activities in the area. Soft tissue 
concentrations of these elements vary among lakes, species and size 
classes, and are suspected to be influenced by age. To evaluate this 
influence, which is the topic of a later report and to compare 
longevities and growth rates among species and lakes, the shells of 
three species of mussels from two lakes were aged. Specimens of 
Elliot io complanata could be aged much more accurately than either 
Anodonta implicata or Alasmidonta undulata . They alwo grew more 
slowly, lived longer, and were significantly smaller at a given age at 
the most contaminated site, which suggests the possibility of a 
sublethal toxic response. E. compl_anata is recommended for 
biomonitoring in the Atlantic region based on its above-described 
characteristics, as well as its previously demonstrated high 
bioconcentration capacity for environmental contaminants and its 
widespread distribution. 

Mussels accumulate contaminants in their shells as well as their 
soft tissues. Shells retain a sequential record of contamination in 
their annual growth rings, and therefore have potential for mapping 
changes over time. Two techniques for analyzing trace metals in 
growth rings, the electron raicroprobe and secondary ion mass spectro- 
metry, were evaluated. Both failed due to a lack of sensitivity 
and/or various interferences. 



- 1 - 

GENERAL INTRODDCTION 

Bivalve molluscs have been shown to be excellent organisms for 
biomonitoring contaminants in aquatic systems. They accumulate and 
concentrate a wide range of environmentally available pollutants and 
they are widely distributed both globally and in terms of the habitats 
they occupy (Green et al, 1985). Marine bivalves have been extensive- 
ly used to study the occurrence and bioavailability of metals, 
hydrocarbons and radionuclides in marine environments (Goldberg et al, 
1978; Burns and Smith, 1981; Koide et al , 1982). In recent years, the 
freshwater unionid mussels have received some attention as bioraonitors 
for metals (Smith et al, 1975; Manly and George, 1977; Tessier et al, 
1984), chlorinated organic contaminants (Kauss and Hamdy, 1985) and 
pesticides (Miller et al, 1966; Bedford et al, 1968). 

Unionaceans meet many of the criteria for a biomonitoring 
organism, as summarized by Phillips (1977) and Forester (1980). They 
accumulate a wide variety of substances without being killed, and are 
large enough to provide adequate tissue for residue analysis. Because 
of their low position in the food chain, they provide a direct measure 
of bioavailability. Finally, they are long-lived. In fact, fresh- 
water mussels probably live the longest among freshwater invertebrates 
(Imlay, 1982). Their longevity allows for sampling more than one year 
class, and integrates environmental conditions over long periods of 
time. A further characteristic of mussels, their amenability to 
relocation, was considered important by Klumpp and Burdon-Jones 
(1982). 
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Resident freshwater mussels from the Shubenacadie River headwater 
lakes in Nova Scotia were found to have excellent potential as 
biomonitora for arsenic and mercury (Metcalfe and Mudroch, 1985). 
Contamination of the lake chain is due to historic gold mining 
activities in the area. Recent urban and industrial expansion has 
disturbed the mine tailings and bedrock, and is believed to have 
aggravated an already existing contamination problem. Mussels may 
provide a record of past disturbances in the system as well as a means 
of monitoring the ecological consequences of further development or 
ameliorative measures. 



PART A: AGING OF MUSSEL SHELLS 



INTRODUCTION 



Metcalfe and Mudroch (1985) found that mussels from the 
Shubenacadie Lakes were extraordinarily contaminated with arsenic (up 
to 117 |ig/g dry weight) and mercury (up to 9.95 Mg/g). Site to site 
differences were suggested and have since been verified (Metcalfe and 
Mudroch, unpublished data). Interspecific differences in the bio- 
accumulation of mercury were apparent, despite the fact that all 
species are deposit feeders. There was a relationship between the 
size (dry weight) of the organism and the bioaccumulation of both 
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elements, but particularly mercury. Because weight and age are highly 
correlated (r - 0.67 - 0.87 for the three resident species), we 
suspect that age is an important factor influencing the bloaccumula- 
tion capacity of mussels. 

Mussels can be aged by counting the annual "winter" rings on the 
surface of their shells which mark the end of each growing season. 
Because of the occurrence of "pseudoannuai" disturbance bands, which 
could be mistaken for annual rings, age may be verified by preparing 
thin sections of the shells and counting the internal bands. This 
technique was used to age mussels which had been collected from two of 
the most contaminated lakes in the Shubenacadie watershed for analysis 
of arsenic and mercury residues in their soft tissues. 

This report presents the ages of the specimens, and evaluates the 
accuracy of the aging procedure for each species. The results are 
used to compare growth rates and longevity among species and between 
lakes. This information will be used to determine the relationship 
between age and the accumulation of arsenic and mercury by mussels 
from the Shubenacadie Lakes. 

MATERIALS ANH METHODS 

Description of Study Area 

The Shubenacadie Basin is located north of Halifax, Nova Scotia 
(Fig. 1). Gold mining, which centred around the village of Waverley 
at the turn of the century (Trip and Skilton, 1985), is the source of 
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Figure 1. LOCATIONS OF MUSSEL COLLECTION SITES 

"LAKE THOMAS" AND "POWDER MILL BEACH". 



arsenic and mercury contamination in the watershed. The lakes closest 
to Waverley, especially Powder Mill Lake, Lake Thomas, Muddy Pond and 
Lake William, are the most contaminated. Large beds of unionid 
mussels occur in the nearshore areas of the former two lakes at the 
sites were referred to as "Powder Mill Beach" and "Lake Thomas" (Fig. 
1). Relative contamination of the water, suspended sediment and 
bottom sediment at these two sites are compared in Table I. The data 
indicate that Powder Mill Beach is more contaminated with both arsenic 
and mercury. The substrate at Powder Mill Beach was sandy and was 
easily sampled, whereas at Lake Thomas the substrate was rocky and a 
representative sediment sample could not be obtained. However, we 
would expect the sediment at the Lake Thomas site to be less 
contaminated because this is certainly true for the deposition zone. 

Collection of Mussels and Preparation of Shells 

Mussels were collected from shallow areas (<1 ra depth) at the two 
sites on July 31, 1984 and July 30, 1985. A total of 249 specimens of 
the following three species were obtained: Alasmidonta undulata 
(Subf. Anodontinae) , Anodonta implicata (Subf. Anodontinae) and 
Elliptio complanta (Subf. Ambleminae). Table II presents the numbers 
of each species collected from each site. 

In 1984, mussels were frozen whole on the day they were 
collected. A week later in the laboratory they were thawed and 
shucked, and the soft parts were prepared for quantitative 
determination of arsenic and mercury. In 1985, mussels were shucked 
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TABLE I. Relative contamination of the Powder Mill Beach and Lake 
Thomas sites with arsenic and mercury (from Metcalfe and 
Mudroch, 1985). 



Powder Mill Beach Lake Thomas 
Compartment 



A* Hg *a Hg 



Water (pg/L)' 0.2-4.1 ND(<0.02) 2.1-2.6 ND(<0.02) 

Suspended Sediment (^g/g)' 288-319 2.25-3.30 129-490 .46-. 74 

Nearshore Bottom 

Sediment (pg/g; 0-2 cm) 890-3050» 5.69» NS NS 

Deposition zone bottom 

sediment (yg/g; 0-10 cm) 749 20.8 163 10.5 



'Seasonal ranges 
'Range of five samples 



'One sample 

NS •• not sampled; substrate rocky 



TABLE II. Numbers of mussels of each species collected from each 
site. 



Year 

Species/Site • Total 

1984 1985 



A. undulata 





Powder Mill 


Beach 


10 


20 


A. 


implicata 










Powder Mill 


Beach 


20 


73 




Lake Thomas 




18 


26 


E. 


complanata 










Powder Mill 


Beach 


5 


10 




Lake Thomas 




13 


54 



30 

93 
44 

15 
67 

249 
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£resh on the day of collection. All shells were air-dried and 
weighed to the nearest milligram. Valve lengths were measured to the 
nearest 0.05 cm using vernier calipers. The shells were stored in 
plastic bags until they could be sectioned for aging. 

AginR Procedure 

For each species at each site, about 12 (10-13) specimens 
representing the range of size classes present were selected for 
sectioning. All specimens were taken from the 1985 collection. 
Following the methods of Clark (1980) and Kennish et al (1980), the 
right valves of each specimen were coated with epoxy, cut along the 
axis of maximum growth, mounted on a microscope slide, then further 
cut to produce a thin section. The internal bands, each of which 
corresponds to a year's growth, were then counted independently by two 
"evaluators" . External rings were also counted for A. impl icata 
only. The reliability of aging methods based on the annular rings of 
unionids has been well established, as reviewed by McCuaig and Green 
(1983). 

Statistical Analysis 

Accuracy of the aging procedure was evaluated by calculating the 
degree of correlation, as measured by the correlation coefficient "r", 
between the two independent age estimates for each series of 
specimens. These independent age estimates were then averaged, and 
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the best regression model predicting valve length as a function of age 
and site was determined. The "best" model was that in which ro 
significant predictors were omitted but no nonsignificant predictors 
were included. Site could not be included as a predictor for A. 
undulata , since all specimens came from Powder Mill Beach. Valve 
lengths were then used to estimate the ages of the remaining specimens 
which had not been sectioned. Shell weight was also evaluated as a 
predictor for age. 

RESULTS 

Elllptio complanata 

The valve lengths, shell weights, and age estimates from internal 
bands for the 22 specimens which were sectioned are presented in 
Appendix lA. 

Age estimates by the two independent evaluators were found to be 
highly correlated (r - .835), and this relationship was statistically 
significant (t - 6.79 > tjo - 2.086; p < .05). The regression 
equation was: y - -0.592 ■♦■ 1.06 Xj, where y » age estimate by 
evaluator #1 and x, ■ age estimate by evaluator #2. The slope of the 
line was not significantly different from 1.0 (t » .38 )» tjo - 2.086), 
nor was the intercept significantly different from zero (|t| - .35 ^ 
tjg • 2.086), therefore both evaluators saw the same number of 
internal bands in a given specimen and the aging procedure can be 
considered to be very accurate for this species. 
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The "modelling run" for predicting valve length was initiated 
with the following model: 

A ■ 

y - a + bx, + bx, +bx, + bx^ . 

A 

where: y - predicted valve length (cm) 

a - intercept 

b - slope coefficients 

Xi - age (average of two estimates) 

x, - site (Lake Thomas ■ 1; Powder Mill Beach - 2) 

X, - (age)* 

X4 - (age)(site) interaction 

The latter two predictors were not significant and the best 
fitting regression line for predicting valve length for E. coroplanta 
was: 

y - 7.9965 + 0.30082xj - 1.8096xj; r - .88 

where the effects of both age and site were significant (age: t - 5.36 
> ti, - 2.093; site: |t| » 4.80 > tj, - 2.093. Thus, mussels from 
Lake Thomas were larger at a given age than those from Powder Mill 
Beach. This model was rearranged, as shown below, in order to solve 
for X (estimated age): 
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7.9965 -t- 1.8096X, 
X - y - 



0.30082 

The equation was then used to estimate the ages of the remaining 60 
specimens which had not been sectioned and £or which counts of 
internal bands had not been made (Appendix IB). The effect of site on 
mussel size is best illustrated by plotting the regression equations 
predicting valve length from age for each site individually (Fig. 2). 
These equations are: 



Lake Thomas: y - 6.5435938 + 0.2682652Xi; n - 12; r - .73. 
Powder Mill Beach: y - 3.8800644 + 0. 3534323x, ; n - 10; r - .85. 



The slopes of these two lines did not differ significantly (F - .52 ^ 
F, ,i - 4.41), therefore the growth rates of mussels five years of 
age and older do not differ between the sites. Because the intercepts 
differ, it is apparent that mussels at the Lake Thomas site must grow 
faster during the early age period (less than five years). 

Shell weight was also evaluated as a predictor for age. The best 
model was: 

y - 17.413 + 2.5059X, - U.711x,; r - .80. 

A 

where: y - shell weight (g) 

X| •■ age (average of two estimates) 

x, - site (Lake Thomas - 1; Powder Mill Beach - 2), 
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Length was a better predictor of age (r - .88) than weight was (r " 
.80). 

Anodonta implicata 

The valve lengths, shell weights, age estimates from internal 
bands, and age estimates from external rings for the 25 specimens 
which were sectioned are presented in Appendix IIA. 

This is the only species for which both internal and external 
rings were counted. Age estimates by the two independent evaluators 
were found to be highly correlated for the external counts (r - .830), 
and moderately correlated for the internal counts (r « .586). The 
latter relationship was, nevertheless, statistically significant (t » 
3.47 > t,, ■ 2.069). Both evaluators saw more external than internal 
rings. The regressions of external counts (y) on internal counts (x) 
for each evaluator are as follows: 

Evaluator #1: y - 1.4766484 + 0.8770604x; r - .71. 
Evaluator #2 : y = -0.4575045 + 1.2495479x; r - .69. 

The evaluators differed in that #1 saw more external rings in younger 

A A 

specimens (i.e., for x - 4, y - 5.0 and for x - 10, y ■ 10.2), while 

A 

#2 saw more external rings in older specimens (i.e., for x - 4, y - 
4.5 and for x - 10, y - 12.0). 
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The model for predictiog valve length was based on average 
internal band counts, despite the fact that there was more agreement 
between the evaluators in their external ring counts. The "modelling 
run" was initiated with the same model as for E. complanta . In this 
case, however, there was no site effect and the best fitting 
regression line for A. implicata was: 

y (valve length) - 1.102 + 1.0710x, (age); r - .70. 

where the effect of age was significant (t - 4.64 > tj, - 2.069). 
This model was rearranged, as shown below, in order to solve for x 
(estimated age): 



y - 1.102 
X - ■* 

1.0710 



The equation was then used to estimate the ages of the remaining 112 
specimens which had not been sectioned and for which counts of 
internal bands had not been made (Appendix IIB). Although site did 
not influence the length/age relationship, regression equations 
predicting valve length from age were calculated separately for each 
site, allowing comparisons with the other two species (Fig. 2). These 
equations are: 

Lake Thomas: y - 2.6571154 + 0.7988462x,; n - 12; r - .59. 
Powder Mill Beach: y - -0.8312896 + 1.4211416x,; n - 10; r - .81. 
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Shell weight was also evaluated as a predictor for age. The best 
model was: 

y - -19.142 + 4.946xi; r - .66. Where y - shell weight (g) and Xi - 
age 

Length was a better predictor of age (r - .70) than weight was (r » 
.66). 

Alasmidonta undulata 

The valve lengths, shell weights, and age estimates from internal 
bands for the 12 specimens which were sectioned are presented in 
Appendix IIIA. 

Age estimates by the two independent evaluators were not strongly 
correlated (r - .536), and in fact the relationship was not 
statistically significant (t =• 2.01 \ tjo = 2.228). Despite this 
disagreement, the model for predicting valve length was based on 
averaged internal band counts. The model could not include site as a 
predictor because A. undulata only occurred at Powder Mill Beach, 
therefore the "modelling run" excluded the x, and x^ components of the 
original model (site, and age x site interaction, respectively). The 
effect of X3 [(age)'] was not significant, therefore the best fitting 
regression line was: 
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y - 0.8398 + 0.5182xx; r - .80. 

where the effect of age was significant (t - 4.24 > tj, - 2.228). 
This regression line is plotted in Fig. 2 for comparison with the 
other two species. The model was rearranged, as shown below, in order 
SBlve for x (estimated age): 



y - 0.8398 
X - '' 

0.5182 



The equation was then used to estimate the ages of the remaining 18 
specimens which had not been sectioned and for which counts of 
internal bands had not been made (Appendix IIIB). 

Shell weight was also evaluated as a predictor for age. The best 
model was: 

y (shell weight) - -5.409 + 1.5627x, (age); r - .83. 

This was the only species for which shell weight was a slightly better 
predictor of age (r - .83) than valve length was (r » .80). 

Interspecific Comparisons 

The relationships between valve length and age for each species 
at each site are compared in Fig. 2. As previously mentioned, E. 
complanta from Lake Thomas were larger at a given age than those from 
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Figure 2. REGRESSION EQUATIONS PREDICTING VALVE LENGTH AS A FUNCTION OF AGE FOR EACH 
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Powder Mill Beach. Because the Intercepts differ, but the slopes do 
not, it appears that E. complanta grew more rapidly at Lake Thomas 
than at Powder Mill Beach during the first five years of life. In 
contrast, there were no significant differences -in growth rates of A. 
iroplicata between the two sites. Although the slopes of the lines 
appear to differ, this difference is not statistically significant (F 
■> 1.77 ^ Fj ,, - 4.30). The inaccuracy of our age estimates for 
this species resulted in a large error term. Therefore, if in fact a 
difference in growth rates did exist, we would have difficulty 
detecting it. 

A. implicata appeared to grow more rapidly than E. complanta at 
both sites (slopes of .80 and 1.42 vs. .27 and .35, respectively), 
achieving a larger size in a shorter period of time. A. undulata was 
a much smaller organism, with a growth rate at Powder Mill Beach 
(slope - .52) more similar to E. complanta (.35) than A. implicata 
(1.42) from the same site. A. implicata and A. undulata did not seem 
to live as long as E. complanta . The oldest specimens collected were 
17 years for E. complanta , 9 years for A. impl icata and 7-8 years for 
A. undulata . 

DISCUSSION 

The three species of resident mussels from the Shubenacadie Lakes 
could be aged with varying degrees of accuracy. Age estimates were 
based on counts of internal growth bands, and were therefore somewhat 
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subjective. The agreement, or correlation, between counts made by two 
Independent evaluators provided a measure of accuracy. Agreement was 
very good for E. complanta , but poor for A. implicata and A. 
undulata . Therefore, we have the most confidence in our age estimates 
for E. complanta . 

It is impractical to section large numbers of shells for internal 
band counts. Instead, a model may be generated for estimating age 
from a more easily measured parameter which is a good predictor of 
ag«. We found valve length to be the best predictor of age for E. 
complanta and A. implicata . but shell weight was slightly better for 
A. undulata . For comparative purposes, valve length was used 
throughout. For all three species, a linear model for the valve 
length vs. age relationship was sufficient within the range of the 
data. This is certainly not true in general, and is due to the 
limited range of size and age classes sainpled. If younger specimens 
(less than five years) in particular had been included, there may have 
been a significant curvilinear portion to the model. 

Both evaluators counted more external than internal rings in A. 
impl icata , suggesting that disturbance rings were being included in 
the external counts. This could lead to an overestimate of the true 
age for this species, therefore external counts should not be relied 
upon where accurate age estimates are required. In retrospect, 
internal band/external ring comparisons should have been made for E. 
complanta instead. 
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Th« main reason for aging our specimens was to determine the 
influence of age on interspecific differences in the bioaccumulation 
of As and Hg by mussels. Unfortunately, the age estimates for A. 
implicata and A. undulata were too inaccurate for this purpose. 

E. complanata was the best species to work with. Growth rings 
were the clearest, age estimates were most accurate, and the 
prediction model had the best fit. As a result, we were able to 
detect differences in the growth of this species between the two 
sites. The Powder Mill Beach environment was much more contaminated 
with As and Hg, and the mussels here were significantly smaller. This 
suggests the possibility of sublethal toxic effects. We found E. 
complanta to be a poor regulator of mercury. Soft tissue concentra- 
tions increase almost exponentially with increasing body weight and 
age (Metcalfe and Mudroch, 1985). In contrast, A. implicata of all 
sizes and ages maintain consistently low concentrations of this 
metal. It is therefore more likely that body burdens of Hg would 
accumulate to toxic levels in the tissues of E. complanta . 

E. complanta has excellent potential as a biomonitoring species 
for these and other environmental contaminants in the Atlantic 
region. Because this mussel is long-lived, any contaminant which is 
poorly regulated will bioaccumulate over time - probably to detectable 
levels. Furthermore, a record of input over time can be obtained by 
analyzing various year classes. This species has been used 
extensively in environmental monitoring in Ontario and Quebec (Curry, 
1977/78; Tessier et al, 1984; Kauss and Hamdy, 1985; A. Hayton, 
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Ontario Ministry of the Environment, personal communication). It 
occurs in the southern James Bay drainages and the St. Lawrence system 
(except Lake Huron south of Georgian Bay, Lake Michigan and most of 
Lake Erie), and the Atlantic drainage (Clarke, 1981). In the U.S.A., 
it is "... the most widespread of the East Coast mussels occuring in 
both polluted and unpolluted waters and lotic and lentic habitats from 
Maine to Florida ..." (Imlay, 1982). A. implicata and A. undulata are 
more restricted in their distributions, with the former occurring only 
in the Atlantic coastal drainage from Cape Breton to Maryland, and the 
latter found in the St. Lawrence River and it tributaries and the 
Atlantic drainage from Nova Scotia to Florida (Clarke, 1981). 
Therefore, from ecological, analytical and geographic points of view, 
E. complanta is the best choice for bioraonitoring . 



PART Hi CONTAMINANT ANALYSIS OF MUSSEL SHELLS 

INTRODUCTION 

Recent studies suggest that the analysis of bivalve shells may 
offer several advantages over the analysis of body tissues when 
monitoring contaminant levels in the environment (Imlay, 1982; Fang 
and Shen, 1984). Shells can retain a record of contaminant levels 
over many years, and may provide a more sensitive and more permanent 
system for monitoring changes in ambient heavy metals (Fang and Shen, 
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1984). Iralay (1982) noted that for many trace elements the 
concentration factor is many times greater in the ihell than in body 
tissues. Koide et al (1982) found that metal concentrations in the 
shells of marine mussels were more strongly correlated than 
concentrations in the soft tissues with proximity to highly 
industrialized or populated areas. 

While analysis of whole shell is useful, more information could 
be gained by analyzing the annual growth rings separately. In this 
way changes in environmental contamination could be "mapped" over long 
periods of time. The methodology for this type of analysis is not 
currently available, however. Electron microprobe and secondary ion 
mass spectrometry (SIMS) appear to have good potential for this 
application. Thin sections prepared for aging may also be used for 
studying differences in the levels of trace elements between various 
years' growth. The electron microprobe and SIMS both measure 
elemental composition of prepared thin sections. 

The electron microprobe is an x-ray instrument used to determine 
quantitatively the chemical composition of thin sections by means of 
electron bombardment and measurement of the subsequent x-rays 
produced. A curved crystal spectrometer is used to determine 
wavelength and intensity of the x-rays being emitted from the 
specimen. Comparisons are made of the intensities of x-rays from a 
material of known composition. Sensitivity of the microprobe is about 
200 ppra (B. Barnett, Geology Department, University of Western 
Ontario, pers. comm. ) . 
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SIMS, a method similar to the electron microprobe, utilizes an 
ion beam vrhich is focused onto the surface of a prepared sample. The 
secondary ions emitted are separated by mass for elemental discrimina- 
tion and quantification. SIMS is a very sensitive technique, with a 
detection limit as low as I ppb for some elements. 

This report evaluates the electron microprobe and SIMS procedures 
for determining arsenic, mercury and other trace element 
concentrations in mussel shells from the Shubenacadie Lakes. 

MATERIALS AND METHODS 

Four mussels were selected for study because of their high soft 
tissue concentrations of As, Hg and Pb (Table III). Shells were 
prepared and sectioned in the same manner as for aging, then polished 
and coated with carbon. Two specimens (LTE43 and PMA61) were chosen 
for microprobe analysis. Following the methods of Lutz (1981), who 
used the 'electron microprobe to measure strontium in Myt ilus edulis 
shells, step scan analyses of 10 \im spots were made across the inner 
nacreous layer and down the surface periostracura as illustrated in 
Fig. 3. The electron beam was focused onto the thin section, inducing 
the emission of characteristic x-rays which were then separated in 
order to discriminate among As, Hg, Pb, Cd , Ca , Sb and Zn. 

Specimens PME2i and PMA63 were chosen for the more sensitive SIMS 
analysis. Step scan analyses of 25 \xm spots were made across the 
nacreous layer and down the periostracum, as described for the 
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Figure 3. LOCATION OF SPOTS FOR STEP SCAN ANALYSIS ACROSS 
THE INNER NACREOUS LAYER (A) AND DOWN THE 
SURFACE PERIOSTRACUM (B) 
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TABLE III. Soft tissue coQcentrations o£ As, Hg and Fb (ug/g dry 
weight) in £our mussels selected for sh^il contaminant 
analysis. 



Mussel 



Shell Analysis 
Procedure 



Soft Tissue Concentration 
(ug/g dry weight) 



As 



Hg 



Pb 



Lake Thomas, 

E. complanata , 

10 years old (LTE43) 



Electron microprobe 30.5 



4.6 29.0 



Powder Mill Beach, 

A. implicata . 

9 years old (PMA61)* 



Electron microprobe 45.0 



.8 



6.5 



Powder Mill Beach, 

E. complanata , 

10 years old (PME21) 



SIMS 



42.0 



1.2 



NA 



Powder Mill Beach, 

A. impl icata , 

6 years old (PMA63)* 



SIMS 



45.0 



6.5 



NA - not analyzed 

* Soft tissues of these specimens were combined for analysis 
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microprobe method. A survey spectrum was run to measure all elements 
with masses renging from to 240 mass units. To examine elements 
present at low concentrations, extended counting techniques (30s/mass 
vs. 0.5s/mass) were employed on masses of particular interest (As, Hg , 
Pb, Cd). The measured ion intensity ratios were converted to 
concentrations using an ion yield curve determined from a lead 
silicate glass standard. 

RESULTS AND DISCUSSION 

Results of the electron microprobe analysis were extremely 
variable (Table IV), therefore levels of As, Hg, Cd and Zn in the 
shells could not be quantified. Reliable estimates were not possible 
due to the instrument's maximum sensitivity of 200 ppm, and its 
inherent variability at the low concentrations encountered. The 
electron microprobe is intended for measuring elements in percent 
concentrations in geological materials. Lutz (1981) reached similar 
conclusions when he attempted to study seasonal variation in strontium 
concentration in Mytilus edulis . 

Preliminary spectral surveys with SIMS detected only major shell 
elements in the parts per thousand and percent concentration range 
(i.e. Ca, C, Sr, Na, Fe , Mn). Subsequent analyses involved counting 
ion intensity for extended periods on masses of particular interest 
(i.e. As, Hg , Pb, Cd), Even under these conditions, these elements 
could not be quantified due to extreme variability (Table V). 



- 25 - 



TABLE IV. Concentrations of various elements in the shell of 
mussel LTE43, as determined by the electron microprobe. 



Element Concentration as ug/g dry weight 

(mean ± s.d.)* 



As 
Hg 
Pb 

Cd 
Sb 
Zn 



190 ± 


200 


1100 ± 


1600 


ND 




ND 




1600 ± 


500 


190 ± 


600 



* n " 20 spots (14 across the inner nacreous layer and 6 down the 
surface periostracum) . 



TABLE V. Concentrations (as ug/g dry weight) of various elements 
in the shells of mussels FMA63 and FME21, as determined 
by SIMS. 

PME21 



Element PMA63 Spot #1 Spot §2 



Al 
V 
Fe 
Cu 
As 
Sr 
Pb 
Cd 
Hg 



ND - not decectable 

* mean ± s.d. for n = 3 readings 



5 , 800 


± 


14,000 


2000 


+ 


300 


4700 


± 


3400 


90 


± 


30 


70 


± 


60 


540 


± 


30 


90 


± 


99 




m 




Nt) 



2600 ± 


130 


2500 ± 


600 


2400 ± 


300 


80 ± 


60 


ND 




570 ± 


140 


100 ± 


170 


ND 




ND 





7300 


± 3700 


3000 


± 1200 


6200 


± 800 


120 


± 40 


30 


± 60 


650 


± 200 




ND 




ND 




MO 
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A number of modifications could be made to the technique to 
improve sensitivity. First, a more appropriate calibration standard 
could btt used. Lodding et al (1984) suggested using an apatite 
crystal when utilizing SIMS in the quantitative analysis o£ tooth and 
bone hard tissue. Second, surface charge-up should be controlled by 
the use of specially adapted metal sample holders or the application 
of aluminum grids on the sample surfaces (Lefevre, 1980). Finally, 
Lodding et al (1984) believed that a better understanding of the 
complicated spectra of hard biological tissues and methods of 
suppressing intrinisic molecular peaks would greatly aid in the 
quantitative analysis o£ hard biological tissues. 

Although many authors have suggested that bivalve shells offer 
several advantages over soft tissues for monitoring pollution events, 
there remain unsolved problems in shell analysis. Little is known 
about how contaminants bond within the calcium carbonate matrix. 
Swann et al (1984) observed changes in Zn levels within the same 
annual growth increment, and suggested that elemental adsorption onto 
the shell was occurring. In the same experiment Mg , Al , Si, Sg , Mn 
and Fe content decreased over time, suggesting that elemental leaching 
could be occurring. Fang and Shen (1984) also warned that chemicals 
bound in the old parts of the shell will begin to leach out into the 
water. They also observed that pollutants tend to accumulate on the 
outer shell surface where leaching is most likely to occur. Koide et 
al (1982) believed that microorganisms on the shell surface may 
account for high surface metal concentrations. 
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The two techniques, electron microprobe and SIMS, failed to 
detect quantifiable levels of As, Hg, Pb or Cd in the shells of 
mussels known to be highly contaminated with As and Hg. The electron 
microprobe, with its maximum sensitivity of about 200 ppm and high 
variability near its limits of detection, was not suitable for 
measuring trace elements at the levels found in these shells. The 
more sensitive SIMS technique detected only major shell elements. 
With further method development, including the reduction of 
interferences and the production of specially prepared standards and 
appropriately designed sample holders, this time consuming and 
expensive method may prove useful in the analysis of contaminants 
within and between annual growth increments. At that time, mussel 
shells may become invaluable in the study of both past and present 
pollution events. 

SUMMARY 

Freshwater mussels from the Shubenacadie River Headwater Lakes in 
Mova Scotia are highly contaminated with arsenic (As) and mercury 
(Hg). Soft tissue concentrations of these elements vary among species 
and lakes, and are influenced by body weight. Age Is also suspected 
to be a factor. To determine the relationship between age and the 
bioaccumulation of As and Hg, and to compare longevities and growth 
rates among species and lakes, the shells of three species of mussels 
from two lakes (n-249) were aged. Fifteen Elliptio complanata , 93 
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Anodonta Implicata and 30 Alasmidonta undulata were collected from the 
most contaminated site, Powder Mill Beach, while 67 E. complanata and 
44 A. implicata were collected from a less contaminated site, Lake 
Thomas. Tea to 13 representative specimens of each species/site 
combination were aged directly, that is, shells were thin-sectioned 
and annual internal growth bands were counted independently by two 
evaluators. External growth rings were also counted for A. 
implicata . Ages of the remaining specimens were estimated using a 
regression model based on valve length as a predictor of age. 

E. complanata could be aged with much more accuracy than either 
A. implicata or A. undulata . Internal growth bands were clearest, 
agreement between evaluators was closest (r » .835 vs. .586 and .536, 
respectively), and the regression model had the best fit (r - .88 vs. 
.70 and .80, respectively). External ring counts overestimated the 
ages of A. implicata . and should not be used. A. implicata grew more 
rapidly (.80 - 1.42 cm/yr.) than E. complanata (.27 - .35 cm/yr.), 
achieving the same maximum valve length (=11.5 cm) in less time (8.5 - 
10.5 vs. 17 - 20 yrs.). A. undulata was smaller, with a growth rate 
at Powder Mill Beach similar to E. complanata (.52 vs. .35 cm/yr.). 
E. complanata appeared to live longer (^17 yrs.) than A. implicata 
(29yrs.) or A. undulata (^8 yrs.). E. complanata from Powder Mill 
Beach were significantly smaller at a given age than those from Lake 
Thomas. Because the growth rates of specimens aged 5-17 yrs. did not 
differ, E. complanata must have grown more slowly at Powder Mill Beach 
during the first five years of life. As this site is the most 
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contaminated with As and Hg, the possibility of sublethal toxicity is 
suggested. 

The influence of age on interspecific differences in the 
bioaccumulation of As and Hg by mussels could not be determined, 
because age estimates for both A. Implicata and A. undulata were too 
inaccurate. However, the data for E. complanata suggest that it would 
be the best choice for biomonitoring purposes in the Atlantic region. 
Because it is long-lived, contaminants which are poorly regulated 
should accumulate over time to detectable levels. Also, because it 
can be accurately aged, various year classes can be analyzed 
separately. This species is widely distributed throughout central and 
eastern Canada, and has been used extensively for biomonitoring in 
Ontario and Quebec. Therefore, there is an existing data base for 
comparing environmental contamination in the Atlantic region with 
other regions in Canada. 

Mussels accumulate metals in their shells as well as their soft 
tissues. Shells retain a sequential record of contamination in their 
annual growth rings, and therefore have potential for mapping changes 
in environmental contamination over time. Several shells were 
subjected to trace element analysis of their growth rings by two 
techniques, the electron raicroprobe and secondary ion mass 
spectrometry (SIMS). Both techniques failed to detect measureable 
concentrations of As, Hg , Pb or Cd in the shells. The microprobe, 
with a detection limit of approximately 200 ppra, was not sensitive 
enough. SIMS has a theoretical detection limit as low as 1 ppb, but 
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factors such as nass spectral interferences and high counting tiroes 
may have decreased its sensitivity. This method requires further 
development and refinement before it can be used for this application. 
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Valve 
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Shell 
Weight 




Estimat 


.ed 


Ages 


Site 














(cm) 


(g) 


Ev 


aluator 


Evaluator 












#1 




#2 


Lake Thomas 


1 


7.30 


13.678 




5 




5 




la 


7.90 


17.173 




8 




8 


^ 


4a 


8.20 


22.079 




14 




8 




5a 


8.75 


23.947 




9 




8 




6a 


9.10 


28.367 




13 




12 




7a 


9.30 


32.586 




8 




9 




8b 


9.60 


29.813 




? 




8 




9b 


9.90 


34.941 




13 




13 




lie 


10.20 


37.135 




20 




14 




12b 


10.50 


64.100 




11 




13 




14b 


11.50 


37.300 




12 




12 




14c 


11.55 


56.830 




17 




16 


Powder Mill 


Beach 10 


4.80 


3.204 




5 




6 




9 


4.90 


3.551 




4 




6 




6 


7.30 


17.865 




6 




7 




3 


7.35 


19.554 




9 




11 




3 


7.45 


15.486 




7 




8 




7 


7.70 


22.270 




11 




13 




2 


7.80 


24.166 




10 




9 




S 


8.20 


19.255 




12 




13 




4 


8.30 


24.768 




12 




14 




1 


8.40 


26.601 




13 




13 



I 



APPENDIX IB. Valve lengths, shell weights, and age estimates from 
the regression model £or E. complanata which were not 
sectioned. 

Valve Shell 

Site Tear ID# Length Weight 

(cm) (g) 

Lake Thomas 85 2a 7.55 19.348 

2b 7.60 20.278 

3c 7.65 13.092 

3b 8.10 23.431 

17b 8.15 22.650 

4b 8.20 24.385 

17c 8.20 32.484 

4c 8.50 25.796 

17a 8.55 28.239 

5b 8.75 26.944 

6c 8.95 22.714 

16a 9.00 21.462 

16b 9.00 31.705 

16c 9.00 23.109 

6b 9.15 28.115 

7b 9.25 31.473 

7c 9.25 36.165 

18* 9.45 35.564 

84 9.50 32.168 

8a 9.50 27.835 

8c 9.55 31.122 

18b 9.55 31.864 

18c 9.55 39.153 

9a 9.60 25.073 

8d 9.65 45.130 

81 9.65 34.590 

9e 9.75 41.590 

5« 9.80 21.605 

lOa 10.05 33.139 

10b 10.05 48.660 

lib 10.15 31.830 

10c 10.20 53.950 

11a 10.20 49.610 

19a 10.20 78.810 

19b 10.20 43.570 

19c 10.30 48.120 

12e 10.50 37.455 

12a 10.60 67.390 

13 10.70 41.200 

14a 11.00 62.210 

15b 11.15 28.155 

15a 11.30 43.660 



Estimated 


Ages 


4 


.5 


4 


.5 


S 


.0 


6 


.5 


6 


.5 


6 


.5 


6 


.S 


7 


.5 


8 


.0 


8 


.5 


9 


.0 


9 


.5 


9 


.5 


9 


5 


10 





10 





10 





il 





11 





11 





11 





11 





11 





11 


5 


11 


5 


11 


5 


12 





12 





13 





13 





13 





13. 


5 


13 


5 


13 


5 


13. 


5 


13 


5 


14 


5 


14 


5 


15 





16 





16 


5 


17 






APPENDIX IB. 



Valve lengths, shell veights, and age estimates from 
the regression model £or E. complanata which were 
sectioned. continued 



Site 



Year 



im 



Valve 
Length 
(cm) 



Shell 

Weight 

(g) 



Estimated 
Ages 



Lake Thomas 



94 



Powder Mill Beach 84 



21 
22 
24 
23 
25 
34 
32 
44 
31 
33 
43 
42 
41 
2S 
24 
23 
22 
21 



7.90 
8.4 
8.4 
#.5 

8.8 

10.0 

10.2 

10.2 

10.5 

10.7 

U.O 

11.2 

11.5 

*«? 

7.2 

7.4 

7.6 

7.6 



27.849 

20.285 

21.166 

18.760 

31.239 

49.22 

43.15 

83.75 

43.78 

50.31 

61.73 

51.46 

61.70 

10.478 

14.341 

15.442 

12.069 

15.625 



5.5 
7.5 

7.5 



7. 
8. 

12. 

13. 
13. 
14. 



15.0 
16.0 
16.5 
17.5 
7.5 
9.5 
10.0 
10.5 
10.5 



APPENDIX IIA. 



Valve lengths, shell weights, age estinates from 
internal bands, and age estloiates froo external rings 
for A. imp lie at a which were sectioned. 























Valve 


Shell 




Estimated Ages 




Site 


IDf 


Length 
(cm) 


Weight 
(g) 


Internal 


Bands 


External 


Rings 






















Eval. 


Eval. 


Eval. 


Eval. 










#1 


#2 


#1 


#2 


Lake Thomas 


lib 


5.20 


1.740 


5 


5 


5 


5 




11a 


5.25 


2.101 


5 


5 


5 


4 




10« 


6.00 


2.598 


5 


4 


7 


6 




10b 


6.35 


4.449 


6 


5 


7 


5 




9c 


6.70 


4.713 


7 


6 


6 


6 




4 


7.10 


4.953 


5 


4 


6 


5 




5c 


7.80 


6.479 


7 


6 


7 


5 




6 


8.00 


10.650 


9 


6 


8 


7 




7c 


8.30 


11.772 


11 


7 


10 


8 




3 


8.90 


12.868 


7 


7 


9 


8 




2 


9.70 


12.553 


6 


5 


11 


10 




I 


11.70 


33.330 


9 


6 


11 


10 


Powder 


2b 


4.15 


0.976 


4 


4 


4 


3 


Mill Beach 


2c 


4.60 


1.089 


5 


4 


5 


3 




3b 


5.30 


1.819 


5 


4 


5 


3 




4b 


6.00 


2.421 


7 


5 


8 


4 




Sa 


6.70 


4.855 


6 


4 


6 


5 




6« 


6.80 


7.381 


7 


6 


7 


6 




7c 


7.20 


5.364 


6 


4 


7 


7 




9« 


7.80 


10.043 


7 


6 


6 


7 




10a 


8.60 


17.184 


6 


5 


6 


5 




12b 


9.10 


22.904 


6 


9 


7 


9 




Idf 


9.90 


26.619 


8 


8 


9 


10 




17 


10.35 


24.664 


6 


6 


7 


8 




i9b 


10.70 


29.835 
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8 


9 


10 



I 
I 



APPENDIX IIB. Valve lengths, shell veights, and age estimates £rom 
the regression model for A. implicata which were not 
sectioned. 

Valve Shell Estimated 

Site Year ID# Length Weight Ages 

(cm) (g) 

Lake Thomas 85 Uc 4.35 0.803 3.0 

14* 5.70 2.131 4.5 

14l> 5.75 2.948 4.5 

I4c 5.90 1.916 4.5 

10C 6.30 3.742 5.0 

13 6.40 3.748 5.0 

9« 6.65 5.860 5.0 

a 6.80 4.699 5.5 

9h 6.80 4.244 5.5 

5a 7.30 4.288 6.0 

5b 7.35 5.489 6.0 

12 7.A0 5.357 6.0 

7« 8.30 6.154 6.5 

7b 8.45 10.650 7.0 

84 26 4.60 1.369 3.5 

24 5.1 2.031 3.5 

25 5.1 1.975 3.5 

22 5.2 2.276 4.0 

23 5.6 2.759 4.0 
2i 5.7 2.484 4.5 
34 6.4 3.685 5.0 
3i 6.7 3.962 5.0 

32 6.8 5.007 5.5 

33 7.1 4.003 5.5 

43 7.4 8.236 6.0 
42 7.7 7.259 6.0 

44 8.3 10.594 6.5 

51 8.3 9.508 6.5 
41 8.4 14.263 7.0 

52 8.4 11.601 7.0 

53 9.5 13.719 8.0 

54 9.8 17.738 8.0 
Powder Mill Beach 85 2a 4.50 1.241 3.0 

21c 4.80 1.332 3.5 

3a 5.45 2.544 4.0 

21a 5.50 1.874 4.0 

4a 5.80 2.475 4.5 

4c 6.25 3.818 5.0 

5c 6.65 4.508 5.0 

23b 6.70 4.734 5.0 

23a 6.75 6.128 5.5 

23c 6.7 5 6.404 5.5 

Sb 6.80 5.161 5.5 

6c 6.90 6.158 5.5 

6b 7.10 8.873 5.5 

7b 7.25 5.902 5.5 

7a 7.30 9.171 6.0 



APPENDIX IIB. Valve lengths, shell weights, and age estimates from 
the regression model for A. implicata which were not 
sectioned. continued 
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Year 



ID# 



Valve 
Length 
(cm) 



Shell 

Weight 

(g) 



Estimated 
Ages 



Powder Mill Beach 85 



24b 
8d 
8a 

8e 

24c 

24a 
8b 
10b 
9d 
9b 
lOd 
10c 
lib 
22b 
22c 
Ha 
lie 
22a 
9c 
12c 
12a 
13b 
13c 
13a 
14c 
i4b 
i5b 
14a 
15c 
15a 
25b 
25a 
16b 
16d 
16« 
25c 
16c 
16a 
20a 
18 
19a 
20b 
20c 
3e 
21b 



7.30 



.40 
.50 
.50 
.55 
.60 
.60 



7.70 

7.85 

7.90 

8.20 

8.40 

8.40 

8.70 

8.75 

8.75 

8.80 

8.80 

8.90 

8.90 

8.95 

9.15 

9.25 

9.40 

9.40 

9.45 

9.55 

9.60 

9.70 

9.75 

9.85 

9.90 

9.90 

10.00 

10.00 

10.10 

10.20 

10.35 

10.40 

10.50 

10.50 

10.75 

10.90 

NM 

NH 



6.984 
8.929 
7.029 

6.302 
7.465 
5.538 
5.941 
10.671 
6.726 
9.205 
10.488 
15.885 
15.432 
13.888 
12.962 
16.387 
14.938 
13.725 
7.786 
20.577 
20.752 
15.322 
16.716 
17.621 
17.456 
20.786 
24.195 
12.582 
26.591 
18.691 
21.460 
18.884 
20.859 
26.550 
23.062 
22.511 
20.810 
26.896 
27.422 
28.224 
24.783 
33.685 
30.552 
1.281 
1.367 



6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.5 
6.5 
6.5 
7.0 
t.O 
7.0 
7.0 
7.0 
7.0 
7.0 
7.5 
7.5 
7.5 
7.5 
7.5 
7.5 
7.5 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
9,0 
9.0 
9.0 
9.0 



I 
I 
I 



APPENDIX I IB. 



Valve lengths, shell weights, and age estimates from 
the regression Bodei for A. iroplicata which were not 
sectioned. continued 



Site 



Year 



Powder Mill Beach 84 



IB# 



13 
34 
35 
32 
31 
46 
44 
45 
43 
42 
41 
51 
52 
53 
54 
64 
61 
63 
62 



Valve 
Length 
(cm) 



3.9 
4.3 
4.3 
4.3 
4.4 
4.7 
6.3 
6.6 
6.7 
6.8 
,7.0 
7.2 
9.2 
9.2 



9. 
10, 
10, 
10, 
11, 
11 



Shell 

Weight 

(g) 



4. 
4. 



0.875 
1.165 

1.034 

1.053 

1.460 

1.691 

505 

,190 

6.846 

4.618 

5.395 

7.649 

17.468 

22.698 

16.877 

20.414 

35.673 

37.699 

45.01 

41.55 



Estimated 
Ages 



2.5 



5.0 
5.5 



8.5 
8.5 

8.5 

9.5 



NM 



not measured 



APPENDIX IIIA. Valve lengths, shell weights, and age estimates from 
internal bands for A. undulata which were sectioned. 



Site 



IM 



Valve 
Length 
(cm) 



Shell 
Weight 

(g) 



Estimated Ages 



Evaluator Evaluator 
#1 #2 



Powder Mill Beach 



20 

19 

18 

17 

16 

14 

12 

f 

6 

4 

2 

1 



2.90 
3.05 
3.15 
3.20 
3.30 
3.40 



3. 
4, 
4, 
4. 
4, 



80 
00 
20 
40 
50 



1.069 
1.336 
1.555 
1.618 
1.914 
2.242 
3.712 
503 
679 
818 
315 



4.90 



7.061 



6 
§ 

7 
6 
6 
5 

8 
7 
8 
S 
8 
8 



3 

4 
4 
4 
4 

4 

5 
5 
4 
5 

6 
7 



APPENDIX IIIB. Valve lengths, shell weights, and age estimates from 
internal bands for A. undulata which were not 
sectioned. 



Site 



Year 



ID# 



Valve 
Length 
(cm) 



Shell 

Weight 

(g) 



Estimated 
Ages 



Powder Mill Beach 85 



84 



15 

11 

13 

8 

9 

10 

5 

3 

25 

23 

21 

24 

22 

34 

35 

33 

32 

31 



45 
80 



3.90 



4. 
4. 
4. 
4. 
4. 
2. 
3. 
3. 
3. 
3. 
3. 
3, 
3. 
3. 
4. 



00 

00 

00 

30 

70 

5 



2 

3 

4 

4 

4 

5 

8 





1.674 
3.554 
2.845 
031 
677 
362 
995 
517 
673 
1.510 
1.996 
986 
054 
692 
051 
505 
051 



5.0 
5.5 
6.0 
6.0 
6.0 
6.0 



6. 
7. 
3. 
4, 
4. 
4, 
5. 



3.843 



5.0 
5.0 
5.0 
5.5 
6.0 



APPENDIX 2 



SEMINARS PRESENTED ON M.O.E. 
FUNDED RESEARCH 



* 6 
7 

8 



10 

II 
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Bailey, R.C. 1985. Variation in molluscan communities along an environmental 

gradient. Canadian Congress of Biology, London, Ontario. 
Bailey, R.C. 1986. Substrate preference in a freshwater mussel. Abstract from 

34th North American Benthological Society (NABS) in Lawrence, Kansas. 
Bailey, R.C. 1986. Relationship between exposure and the shell growth and form of 

a freshwater mussel. 71st Annual meeting of the Ecological Society of 

America Syracuse, N.Y. 
Bailey, R.C. 1987. Variation in shell morphology and growth rate of the unionid 

bivalve Lampsilis radiata : Nature, nurture or nurtured nature? NABS mtg. in 

Orono, Maine. 
Bailey, R.C. 1987. Variation in shell morphology and growth rate of the unionid 

bivalve Lampsilis radiata : Nature, nurture or nurtured nature? Abstract 

from Canadian Paleontology & Biostratigraphy Seminar held in London, Ontario 

September 1987. 
Green, R.H. 1987. Use of bivalve molluscs as environmental monitors. Invited 

speaker at Mount Allison University, Sackville, New Brunswick. 
Green, R.H, 1987. Shell form and exposure to wave energy in the unionid 

bivalve Elliptio complanata . Abstract from Canadian Paleontology & 

Biostratigraphy Seminar held in London, Ontario September 1987. 
Hinch, S.G. 1986. The effects of exposure and alkalinity on morphometry of the 

freshwater unionid clam Elliptio complanata . Abstract from NABS mtg. in 

Lawrence, Kansas. 
Hinch, S.G. 1987. Within and among lake variation in shell morphology of a 

freshwater clam from south central Ontario Lakes. Abstract from Candian 

Paleontology and Biostratigraphy Seminar, held in London, Ontario September 

1987. 
Hinch, S.G., Bailey, R.C. and R.H. Green. 1985. The effects of environmental 

change on the growth of a freshwater unionid clam, Lamps 11 is radiata . Can. 

Congress of Biology. 
Hinch, S.G. and R.H. Green. 1987. Shell etching: a chemical or physical 

process? 35th Ann. Mtg. of NABS, in Orono, Maine. 
Walker, C. 1987. Analysis for contaminants in bivalve mollusc shells: a useful 

approach for pollution studies? Abstract from Canadian Paleontology and 

Biostratigraphy Seminar, held in London Ontario September 1987. 



* No abstract available. 
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Bull. North American Benthological Society, 3(2). Abstr, 1986 Ann.Mtq. Lawrence, Kansas 



2) 



SUBSTRATE PREFERENCE IN A FRESHWATER MUSSEL. Robert C. Bailey. Dept. of Zoology, 
lUc University of Western Ontario, London, Ontario. N6A 5B7. 

I tested experimentally the hypothesis that freshwater mussels can exhibit substrate 
preference. One hundred Lampsills radtata from each of two habitats (sand, silt) were 
tellected in Inner Long Point Bay, -Lake Erie. Fifty mussels from each habitat were placed 
in each of two artificial ponds (6ra X 9m). The Initial position of each mussel on the bottom 
of the ponds was detemlned using a random number generator. Equal areas of two substrate 
types (sand, silt) were present in each pond. After four months the mussels were retrieved. 
Those which had been collected from a sandy natural habitat preferred a silty substrate In 
the ponds (3:1), while mussels inlcially collected from a sllty natural habitat showed no 
substrate preference In the ponds. This did not Indicate a lack of movement in mussels from 
the silt, since the same proportion of animals In each group (34Z) changed position during 
the study. The preference for silt by formerly sand-dwelling mussels showed that substrate 
selection was not simply based on particle size. Since mussels from different natural habitats 
exhibited different degrees of substrate preference, selection for this trait may vary in 
nature . 



103 



POPULATION REGULATION OF THE LOTIC GASTROPOD EHMJA CAHAWBENSIS 
(PLEUROCERIDAE) BY TREMATODES. Terry D. Richardson and Joseph F. Schelring. 
Department of Biology, University of Alabama, Tuscaloosa, AL 35486. 



The effect of transient parasites upon the population regulation of their intermediate 
hosts has received less attention than that of parasitoids even though numerous animals 
serve as irttermediate hosts. This is primarily because parasites do not kill their 
hosts and apparently cause only a slight reduction of individual host fitness. In this 
study we suggest that these parasites may play a major role in the population regulation 
of the freshwater gastropod Elimia cahawbensis (Anthony) in Little Schultz Creek, Bibb 
County, Alabama. Random samples spanning the peak reproductive season of the population 
indicated that on the average 36. 6X of the females were infected with trematode 
parasites. In addition, it was found that 95.81 of the infected females that had 
reached the age of first reproduction were reproduct ively inactive. This represented a 
significant reduction (P<.01) in the egg laying potential of the population. Although 
these individuals are capable of continued intraspecif ic interactions, they have 
essentially been removed from the population and do not contribute to its increase. 
Therefore, we suggest that the infection by trematodes with the concomitant reduction in 
reproductive potential may contribute significantly to the natural population regulation 
of this freshwater gastropod. 



THE REPRODOCTIVE BIOLOGY (IF FOUR FRESHWATER MUSSELS IN THE NEW RIVER IN VIRGINIA/ 
104 ''EST VIRGINIA. Kurt J. Jlrka and Richard J. Neves. Virginia Cooperative 

Fisheries and Wildlife Research Unit, Department of Fisheries and Wildlife 

Sciences. VlrRlnla Polytechnic Institute and State University, Blacksbure 

Virginia. 
The annual reproductive cycles of four freshwater mussels, Actlnonaias carlnaca . 
Elllptlo dllatata . Cyclonaias tuberculaca . and Trltogonla verrucosa , from the New River were 
determined from histological sectioning of gonadal tlssuie. Six individuals of each species 
were collected monthly from August 1984 to February 1985, and approximately every two weeks 
from March to July 1985. Examination of stained tissue sections Indicated that A. carlnaca 
Is bradytlctlc, with spawning occurring in nld- 



er. Females became gravid by September, 
and glochidia overwintered within the female, being released In late spring. The other 
three species are Cachytlctlc. Spawning in C. tuberculata occurred from January through 
April; gravid females were present from April through June. Spawning In T. verrucosa and 
R. dllatata occurred from March through April; gravid females of T. verrucosa were present 
from April through June, and JE. dllatata females were gravid from April to early July. 
It appears that glochldlal release for these three species occurs throughout the spring and 
early summer months, since all stages of developing glochidia were found In the female 
marsupla during this period. AU four species are dioecious, hut some hermaphroditic 
specimens of A. carinata and E. dllatata were observed. 



I 



Bull. North American Benthological Society, 4(1). Abstr.1987 Ann. Mtg. Orono, Maine. 



4) 



VARIATION IN THE SHELL MORPHOLOGY AND GROWTH RATE OF A FRESHWATER MUSSEL : NATURE, NURTURE, 
1 37 OR NURTURED NATURE? Robert C. Bailey. Deparcnenc of Zoology. University of Western Ontario, 

London, Ontario, Canada. N6A SB7. 

Correlations between the shell norphology and growth rate of freshwater nussels and their environoenc 
have been described for over 70 years (e.g. Ortmann'a 'Law'). I measured such a correlation in 
Lampsilis radlata siliquoldea froa Inner Long Point Bay, Lake Erie. I the* used allozyne data, 
herltablllty estimates, and a substrate preference experiment to form a hypothesis for the genetic 
mechanism causing the character variation. I also carried out burrowing experiments to test the 
adaptive hypotheses previously proposed for variation in shell morphology. Evidence from all of these 
studies suggests the presence of adaptive plasticity In these mussels. 



POPULATION GENETIC STRUCTURE AND LIFE HISTORY CHARACTERISTICS OF A MAYFLY SIPHLOPLECTON 
138 BASAL E IN EASTERN NORTH AMERICA. Bernard W. Sweeney, Robin L. Vannote, and David H. 
Funk. Stroud Water Research Center, Academy of Natural Sciences, Avondale, PA 
S. basale occurs in rivers throughout Canada and the eastern portion of the United 
States. TFe species was univoltine throughout our study range (i.e. Quebec, Maine, Vermont. 
Delaware, Virginia, and North Carolina). Adult emergence dates ranged from early March (North 
Carolina) to mid-June (Quebec). Adult biomass was greatest in Vermont (e.g. 21 mg) and decreased 
at more southern (e.g. 12 - 16 mg; North Carolina) and northern (e.g. 6-14 mg; Quebec) locations. 
Variation in adult biomass reflects differences in environmental quality during the early larval 
stages. 

Population genetic structure was assessed using protein electrophoresis. Twenty-three loci 
were examined for about 40 individuals in each population. The frequency of polymorphic loci (30%) 
and level of heterozygosity (0.11) was higher than most other mayflies. No fixed allelic 
differences were observed among populations but allele frequencies varied significantly among 
sites. Geographic differentiation of population structure was higher than for most mayfly species 
(Wrights's F^. averaged 0.21) but no geographic trend was observed. Estimates of gene flow between 
populations wire low (Slatkin's Nm « 0.52). 

The S. basale population in eastern North America seems to be highly segregated, with limited 
gene flow between subpopulations. Genetic differentiation seems random and probably reflects 
genetic drift among isolated subpopulations. Life history variation seems to be largely 
ecophenotypic, although a genetic component cannot be absolutely ruled out at the present time. 

TIMING OF ADULT EMERGENCE OF UNIVOLTINE EPHEMEROPTERA: A PROPOSED MODEL AND ITS 
1 on IMPLICATIONS FOR GEOGRAPHIC RANGE AND ADULT SIZE VARIATION. J. Denis Newbold, Bernard 

I'J-' W. Sweeney, and Robin L. Vannote. Stroud Water Research Center, Academy of Natural 

Sciences, Avondale, PA 

Univoltinism and the timing of adult emergence of hemimetabolous aquatic insects are 
generally explained in terms of photoperiod effects and diapause mechanisms. We show, however, 
that a simple two-stage life history model consisting of two different thermal responses can 
explain univoltinism and emergence timing for a number of mayfly species. First-stage development 
normally occupies 60-85S of the year and proceeds independently of teqiperature or at a rate 
inversely related to temperature. In the second stage, development rate increases with 
temperature. Applied to 14 species, this model explains an average of 801 of the variance in 
emergence date over the geographic range, and predicts emergence date at a given site with an 
average error of ± 9 days. For several species, the model implies that average temperature during 
2-4 months prior to emergence is nearly uniform geographically, regardless of annual average 
temperature, and this uniformity is observed in the field data. This uniformity has two further 
implications: (1) To the extent that geographic variation in adult size is attributable to thermal 
regime, such variation arises from thermal effects on growth (as opposed to development) during the 
first 8-10 months, typically prior to most of the biomass accumulation. (2) Geographic range may 
be limited by the absence of a 2 to 4-month period with the average temperature necessary to 
maintain a univoltine life history. We present evidence that this criterion may explain the 
southern geographic limits of several species. 

A TEST OP THE THERMAL EQUILIBRIUM HYPOTHESIS POR INSECTS IN WARMWATER 
140 STREAMS. Emily Stanley. Dept. of Zoology, Arizona State Univeraity. Tempe . 

AZ. 85282 and Robert Short. Aquatic Station, Southwest Texas State Universit- 

San Marcos, TX. 78666. 
The predictions of the Thermal Equilibrium Hypothesis (Vannote and Sweeney 1980) 
were tested in wamwater streams with both constant and fluctuating thermal regimes 
for various mayfly species. Insects were collected for one year, identified, count- 
ed, and placed into size classes on the basis of head capsule measurements. Rep- 
resentative individuals from each size class were dried and weighed to determine 
population biomass on each sampling date. Mature females from each month were also 
weighed to determine body size and fecundity throughout the study period. Fecundity 
varied in a predictable fashion for Baetis ouilleri and Traverella presidiana in a 
thermally fluctuating stream, with maxima occurring in the winter (O.506 and 3.265 
mg respectively) and minima in the summer (6.II5 and 0.924 mg). There was no 
apparent trend for B. ouilleri or Baetodes edmundsi in a thermally constant stream. 
In both streams, there was no relationship between individual body size and pop- 
ulation biomass. Further, there was either an inverse or no relationship between 
individual fecundity and population density, contrary to the predictions of the 
Thermal Equilibrium Hypothesis. It is proposed that "equilibrium" conditions for 
multivoltine wannwater insects may not only be a function of geographic location 
(Vannote and Sweeney 1980), but also of time and that maximum body size does not 
necessarily indicate thermally optimal conditions. 



I 



I 
I 
I 
I 

I 
I 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



Bull. North American BentKjlogical Society, Abstr. Ann. Mtq. Orono, Maine. 1987. 
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SHELL ETCHIHG: A CHEMICAL Oi. PHYSICAL PROCESS 7 Scocc C. Hlach and Rat*r H. Cr««n. 
Dapc. of Zoology, Unlvartlcy ol Uascarn Ontrio. London, Oocarlo, Cauda. M6A 5B7. 

Fiaahuattr unloald cIum ara oftan Blaalng porclooa of chair protacclva ahall coat (parloacracm) 
revaallng prlaaatic and nacrcoua ahall layata. Thia acchlng occura prlaarlly around tha unbo of cha 
ahall. Ic ha* long baan chought that chli phaaoaanon la a cbaalcal prscaaa analagoua co cha 
veacherlng of calcaraoua rock by waak aclda. In poorly buffarad habltaca affaccad by acid praclplca- 
tion, thia diaaolutlonaant ahould ba anhancad. Wa collactad Elllptlo coaplaoata froa an araa of 
high axpoaura (high watar Curbulanca) and low axpoaura (lou uacar curbulanca) In i lakaa that lie on 
an alkalinity gradlanc. Shall atching uaa quantlflad ualng an laaga analyala procaaa on a gilcro- 
conputar baaad diglciting ayataa. Claaa froa tha high axpoaura alca vara aora atchad than thoaa 
frea cha low CF< O.OS) In aach laka aftar eorraetlng for elaa alia dlffarancaa, Ovar half sf tha 
cecal variation In ahall acchlng raaultad froa dlffarancaa bacwaan axpoauraa (wlchla-laka) vhlla nona 
of cha cecal variation waa dua co dlffarancaa bacwaan lakaa. Thaaa raaulta auggaac that ahall atching 
la a physical procaaa. Shalla probably bacoaa trodad by abraaiva partlclaa that ara auapandad In cha 
uatar coluan. Shall eroalon would not ba a good pradlctor of laka acidification. 



Bull. North American Bentholoaical Society, 3(2) , Abstr.1986 Ann.Mta. Lawrence, Kansas 
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EFFECTS OF VOC CONT,\MI NATION ON THE STRR.XM FISH. PI>KPHALFS PROtElAT TRAflNKSDlIF) . 
Cory Welker, Paul Licchtl, Don Hii){glns, and Tam.ira Fraiior. Kansas Blolixjicil Survey 
Lawrence, ICS. 

The fachuad ainnou was ucillzed in a satries of "in sttu" and laboratory bloassay tests ron- 
ducted CO assess the Impact of volatile organic compound intrusion on a small Intermittent 
stream In SE Kansas. Spring water contaminated by VOC's originating (rom a hazardous waste 
site, uncontaminated spring water and various mixtures of contaminated and uncontamiqaced 
spring and receiving stream water were tested in the field and laboratory for both acute and 
chronic effects on fatheads. Juvenile minnows contained in plexiglass enclosures were 
exposed "in situ" for up to 96 h. Despite continuous exposure to VOC concentrations up to 
308.6 ug/L, low dissolved oxygen, and other water quality extremes no juvenile deaths were 
recorded at any water quality site. The primary VOC constituents found durinj; this study 
were 1 ,2-Dicl)loroethanc, 1 ,2-Transdlchloroechylene, and vinyl chloride. Chronic laboratorv 
tests were performed by exposing the more sensitive larval fish stage (< 24 h old) to water 
samples from various water quality sites (e.g., springs, ront.iminatcd stream water). Initial 
tests revealed complete larval mortality at high VOC concentrations (> 172 ui;/I.) but no 
significant mortality differcncus between low concunirat ions (< h ui;/!-) and c.intrnls. 
Following this test the VOCs were purged from water samples with nitrogen >;as. d is-,.>! vc.l 
oxygen levels adjusted and the initial chronic test repeated. Test results for sprini; wiitcr 
purged of VOCs indicated that the previously observed fish raort.ility was dut to the prcsvncr 
of VuCs in this water. Known chronic LC50 values for single compounds In rhu obsorved Vdc 
mixture suggest no one compound should have caused the mortality noted in the iiiiiial 
chronic blojssay. 
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EFFECTS OF ACUTE ACID EXPOSURE ON THE CRAYFISH CAMBARUS BARTONII BARTONII. 



Robert J. DlStefano, Richard J. Neves, and Louis A. Helfrlch, Virginia 
Cooperative Fishery Research Unit. Virginia Polytechnic Institute and State 
University, BlacksburR, Virginia 24061. 
Laboratory flow-through toxicity tests were conducted to examine acute effects of acidifi- 
cation and the Influence of ambient water tenperature on pH tolerance in populations of 
Carobarus bartonli bartonll from high-elevation southern Appalachian streass. Ninetv-six 
hour LC50 values were determined for three size classes of crayfish. Tolerance to low pH 
(sulfuric acid) appeared to be positively correlated with increasing size of crayfish. 
LC50 values demonstrated an increased tolerance at reduced water temperature (15°C vs. 
21 C). Examination of hemolymph cation concentrations and carapace Ca"*^ in crayfish held 
at low pH's indicated that hemolymph Na"*" decreased when compared to controls after 96 hour 
exposure to the LCIO. Levels of [Ca"^!. [Mg"^] and fK*] in heraolymph from acid-exposed 
specimens were similar to those from control specimens. No significant changes were ob- 
served in exosVeleton (carapace) [Ca"*^] subsequent to a 4 day exposure (pH 2.46 - 2.96). 
The molting process apparently was Inhibited, as exoskeletons failed to become rigid 
following placement of molting crayfish in extremely acidic water. 
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THE EFFECTS OF EXPOSURE AND ALKALINITY ON MORPHOHETRY OF TOE FRESHWATER UNIONID 
ClAK ELLIPTIO COMPLANATA . Scott C. Htnch. D«pt. of Zoology, University of 
Western Ontario, London, Ontario, Canada. N6A 5B7. 



I collected and measured similarly aged £. complanata from a low and high exposure area in 
each of four small lakes of varying alkalinity in south-central Ontario, nested AtlOVAs on 
shell length, height, width and weight revealed chat much more of the variation In shell 
morphometry was due to within- lake (i .e ., between exposures) rather than aiMng-lake variation. 
A Cinonical variate analysis of becween-exposure variation showed that class from high 
expceure areas were larger and proportionately caller and heavier than those from low 
expoMure areas. This study showed that the use of unionid shell morphometry as a predictor 
of whole lake characteristics such as alkalinity requires careful consideration of 
Biorphometric variation within each lake. 
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UPTAKE OF ZINC BY RAINBOW TROOT: RELATIVE CONTRIBUTIONS OF DIETAKt AND UATERBORNE INPUTS. 
D. J. Spry Dep«rt»enc of Biology, McMaacer University, Hamilton, Oatarlo, Canada. LflS 4K1. 
Flngerllng rainbow trout, Salao gatrdnerl ,uere expoaed to coablnatlona of zinc In water 
(0, 0.04, 0.14, O.SO Bg/L) and a seal -purl fled diet (0, 100. 700 ^/leg). Gtowth rate and 
plaaaa iona were aeaaured at 0, 1, 2, 4, 8 and 16 w. At 16 w, fish receiving low cine 
froa both aources were zinc deficient, based upon poor growth (1.7 fold Increase) and 
severely depressed plaaaa zinc (0.008 ^ O.OOS (9) Bcqulv/L). Increased levels of zinc 
froB either source repleated zinc In the plaa>a (0.401 *_ 0.051 *e<|uiv/I,} and Increased 
growth rate (4 fold Increase). This suggested that zinc may be taken up by either of two 
routes; intestinal or extra-lntestlnal (probably the gills). 

Des trultes arc-en-clel de 3 g ont ete exposes au Zn dlssous dans I'esu et venant de 
regime senl-purlfle. La Vitesse de croisaance et la concentration en ions du plaaaa ont 
ete BBBurees. A 16 seaalnes, les polssons exposes a une falble concentration en Zn 
(d'orlginealinentalre et dlssous dana I'eau) se sont reveles deficient en Zn telle que la 
■ontrc leur falble vltesse de crolssance et la falble concentration en Zn du plasms. 
Oiand tralte svec la quantlte plus elevee, les polssons voient le concentration en Zn de 
leur plasma s'elever et leur vltesse de crolssance a'accrottre. Cecl suggere que le Zn 
peut etre prls de deux fa^ons possibles: par I'lntestln ou par une autre vole, 
probablement les branchies. 
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10) THE EFFECTS OF ENVIRONMENTAL CHANGE ON THE GROWTH OF A FRESHWATER UNIONID CLAM, 

LAMPSILIS RASIATA . S.G.Hlneh* , R;C. Bailey and R.H.Green , Ecology and Evolution Group, 
Zoology Departaenc, University of WeaCem Ontario, London, Ontario, Canada, N6A 5B7. 

To examine the effects of habitat type on shell growth, freshwater unlonld claos 
( Lamp3ill3 radlata) were reciprocally transplanted between a wave^washed sandy site 
and an organic-rich mud site In Inner Long Point Bay Lake Erie. Growth rate analysis, 
using annual rings, showed that long-tern growth in the sand was greater than that 
In the Bud. A variable ineasurlng overall size was derived from a principal components 
analysis of the lengths, widths and heights of Che sheila. This variable waa analyzed 
in a factorial analysis of covarlance of Che transplant data, which revealed that 
differences In shell growth resulted from the original habitat of the claa» rather 
Chan where they were transplanted. A genetic and envlronnental explanation for these 
results is presented. Including a diacusslon of their relevance to unlonld blomoni- 
coring studies. 
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I \ VARIATION IN MOLLUSCAN COMMUNITIES ALONG AN ENVIRONMENTAL GRADIENT. 

Robert C. Bailey , Ecology and Evolution Group, Zoology Dept., University 
of Western Ontario, London, Ontario, Canada. N6A SB7 

I examined the relationship between an environsiental gradient (exposure) 
and the species richness of freshwater molluscs. The molluscs were collected 
at 41 sites in Inner Long Point Bay, Lake Erie. Three dlsclnct guilds (filter- 
feeding mussels, deposit-feeding fingernail clams, and grazing gastropods) were 
present, so each guild was examined separately. A principal components analysis 
of environmental data from the 41 sites revealed a strong gradient of exposure 
(from mucky and protected to sandy and turbulent sites) in the bay. Only one of 
the guilds (the fingernail clams) showed a significant (r— Kl.63, p 0.001) relation- 
ship between this exposure gradient and species richness. Two hypotheses (predator- 
induced diversity, community equilibrium gradient) which may explain this relation- 
ship (and the lack of one in the other two guilds) will be discussed. 
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Ecological Society of America, 71^ Ann. Mtg. Syracuse, New York. 1986, 

decouplea rrom litter-derived nutrients as the surface soil dries, relying for production on N and P contributions 
from symbiotic associations, (1.2) while non-symbiotic plants {Larrea tridentata) cannot efficiently utilize deep 
soil water because of their inability to supplement subsoil nutrient supply. (2) In systems without deep water 
symbionts act as parasites, consuming photosynthates, and decreasing productivity. 

BACte, T. A. University of Split, 58000 Split, Yugoslavia. Degree of xeromorphysmus of the (eaves in some 
mediterranean plants on the basis of water content and water deficit 

Content of water and water deficit and their fluctuations with amplitude of fluctuations have been investi- 
gated over a period of twelve months in the leaves of six evergreen mediterranean woody plants {Quercus ilex 
L., Olea europaea L.. Laurvs nobilis L, Viburnum tinus L.. Pittosporum tobira Dryand. and Nerium oleander L.) 
and in the leaves of three mediterranean plants with leaves lasting several years (Centaurea regusina L.. Salvia 
omdnalis L. and Inula Candida L.). It was observed that in all plants these two parameters are negatively 
con-elated, and that this year's leaves have more water and less deficit than last year's ones. Also, from 
Quercus ilex to Nerium oleander (first group) and from Centaurea ragusina to Inula Candida (second group) the 
content of water increases while deficit becomes smaller. Differences in investigated parameters between plants 
are the result of different degrees of leaf xeromorphic structure, while fluctuations are conditioned by strong 
influences of climatic factors. 

BADGEROW. J. P. Syracuse University. Syracuse. NY 13210. USA. Movement patterns of a freshwater 
gastropod in an artificial stream. 

An artificial stream was used to investigate the effects of controlled variation in substrate type, current 
velocity and light on movements of Campeloma decisum. Movements on sand and gravel were negligible due 
to a bun-owing/sheltering habit. Movement on the exposed stream floor was continuous, allowing comparisons 
among the effects of current and light. Standing water resulted in essentially random movement in light and 
darkness. Moving water elicited a positively rheotactic response in most individuals. Rates of movement were 
similar at current velocities of 8 and 14 cm/sec and about 50% greater than in standing water. Ught condition 
had no significant effect at the higher velocity. At the lower velocity, however, most snails traveled extensively 
upstream in the light but moderately downstream in the dark. These results suggest that although the purpose 
of the movement may be simple, the pattern reflects a complex response to interacting factors. 



BAILEY, R. C. University of Western Ontario, London, Ontario N6A 5B7, Canada. Relationship between 
exposure and the shell growth and form of a freshwater mussel. 

I collected 240 Lampsilis radiata (Bivalvia; Unionidae) from nine sites in Inner Long Point Bay, Lake Erie. 
The length, width, height and weight of each mussel shell were measured. Sediment was also collected at each 
site, and the percent sand and loss on ignition were determined. Canonical correlation of the 'shell' vanables 
with the substrate' vanables indicated that larger dams were found at sites with sandier sediments (i.e., more 
exposed sites). Measurement of consecutive annual rings on each shell, followed by a Walford Plot analysis, 
also revealed faster growth rates in sandier areas. Length at one year of age, however, was greater in mussels 
from muckier areas, which is evidence of a trade-off between early and long-term growth. Faster growth by 
sand-dwelling clams is adaptive, since larger-shelled clams are more stable and better burrowers in an exposed, 
sandy habitat. Smaller shells prevent muck-<Jwelling clams from sinking in the substrate. Preliminary electro- 
phoretic data show evidence of genetic differences in clams from the two habitats. A mechanism for the 
reproductive isolation of these two proposed ecotypes. given that there is a dispersal phase when the larvae 
are fish parasites, is proposed. 



BAKER, D. B., J. W. KRAMER, and R. P. RICHARDS. Heidelberg College. Tiffin, OH 44883, USA. Annual and 
seasonal variability in nutrient and sediment export from large row crop agricultural ecosystems. 

The Sandusky River, a northwest Ohio tributary to Lake Erie, drains 3240 km' of land area, 80% of which 
is used for row crop agriculture. Ten years of detailed studies reveal both the large magnitude and the extensive 
variability characteristic of nutrient and sediment export from large agroecosystems. Means and relative stan- 
dard deviations for precipitation and discharge (cm/yr) and export of soluble phosphorus, total phosphorus, 
suspended sdkJs and NO, + NO, - N (all kg/hayyr') were, respectively, 90.5 ± 7.5%, 35.0 ± 35.2% 288 ± 
39.7%, 1.62 * 38.5%, 872 ± 52.3% and 16.0 ± 30.7%. January through March accounted for the following 
percentages of total precipitation or export: precipitation, 17.9%; discharge, 46.4%; soluble phosphorus 52 5%- 
total phosphorus, 44.4%; suspended sediment, 38.4%; and NO, + NO, - N, 37,9%. The con-esponding per- 
centages for Apnl through June were 31.2%, 27.3%, 20.7%. 35.5%. 44.8% and 37.0%. Research strategies 
for evaluating the effectiveness of agricultural pollution abatement programs must address the large annual 
variability associated with export from agroecosystems. 
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Paleontology Division, Geological Societv of Canada. 
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ABSTRACTS 



5) VftRIflTION IN SHELL MOHPHULOGY AND BftOWTH RATE 
OP THE UNIONID BIVALVE LAHF^ILIS ftADIATA s 
NATURE, NURTURE, OR NURTURED NATURE? 

h. L. L<aili?y, l)w| tar (.1111^11) u) /ui.ili.Hjy. Ihn- 
varaity o^ Wwctvrfi Untaria, Londun, 
llnLariu NtiA ^b/ 
Corral ation« bvtwaan the sh«l 1 •orphology and 
groMth rat* o4 fr*«hHat*r nuscal* and thair 
•nviror»i»«nt havB bmmn d««crib#d tar ov*r 70 
y«ara (ag. Ortaann'* 'Law'). I aaasurad aucfi a 

ccx-ralation in Lawcailia radiata si 1 lauoidaa 

from tnnar Long Point Bay, Laka Erie. I than 
uaad allozyma data, har 1 tabi 1 1 ty astimates, 
and a substrata pra^arenca axpariaiant to ior» 
a hypotKasis *or tt\m genatic nachanis* causing 
tha character variation. I also carried out 
burrowing axparinents to test the adaptive 
hypotheses previously proposed for variation 
in shall morphology. Evidence irom all o^ 
these studies suggests tha presence of adap- 
tive plasticity in these oussbIs. 



THE RESPONSE OF PALYKOMORPHS TO 
PALEOENVIRONHENTAL CONDITIONS IN THE LOWER 
GUf.L RIVER FORHATION (MIDDLE ORDOVICIAN) OF 
SOUTHWESTERN ONTARIO. 

Wendy D. Bunner and J. A. Legault 
UniversiCy of Watecloo, Waterloo. 
Ontario, N2L 3GI 
The Cull Rlvec Formation in southwestern 
Ontario is a sequence of mudstones, 
wacttestones and packstones which were 
deposited in a transgressing, tropical, 
epeirlc sea during the Middle Ordovician. 
Through investigation of a continuous core 
from Kent County, covering roughly the lower 
forty percent of the fornatlon, nine 
different lithofacies were delimited which 
represent deposition under various 
conditions within the shallow subtidal zone. 
Palynonorphs which were recovered from these 
■edlnenta Include twenty-eight apecles of 
acrltarchs from thirteen genera, twenty 
species of Chltlnozoa belonging to five 
genera, and a variety of scolecodonts. 
PaleoenvironmentaL conditions such as water 
energy, salinity and substrata type were 
reflected In the state of preservation, 
apecles distribution, diversity and relative 
abundances of acritarchs and Chltlnozoa for 
each lithofacies^ 

SPONGES PROM THE CAMAOtAM ARCTIC 

Tin de Fzeltas, Ottawa-Carleton 
Geosclence Centre, OepartaenC of 
Geology, University of Ottawa, 
Ottawa, Ontario. XIN SN5 

The Cape Phillips shales of the Canadian 
Arctic have yielded perhaps the most diverse 
suite of S lurlan fossil sponges known 
anyvhece. Sponge asaenblages represent small 
but discrete opportunistic conMunltles that, 
during the Silurian, nucleated on thin 
turbldite beds at the baatn-platf ora 



transition. Living in the stressful slope 
environMent relatively free from coapetltlon 
with aore effective space occupiers of the 
■hallow water, the sponges proliferated to 
fors thin bloaCioaes. The coaaunltles were 
dominated by sponges (approxiaately 90 

percent! with lesser aaounts of algae, 
brachlopods, biyozoans, and crlnolds. 

Sponges are of silica and wall preserved, 
and are predominantly of one family, the 
Anthaspldellidae Miller: orchocladlnid 

lithistlds with a very-distinctive ladder- 
like skeletal construction. Also In the 
collection is the first reported Silurian 
sphinctozoan sponge, B,ig.{u:a,flflaald catenula 
de Preitas. This sponge, in contrast to the 
lithistlds, was constructed of aaplcular 
calclua carbonate, but was subsequently 
replaced by silica. Other representatives 
include small acorn-slzcd subapherlcal 
sponges belonging to two different llthlstid 
suborders: Tr Icranocladlna Held and 

Sphaerocladlna Schramaen. Isolated haxactlne 
spicules are ubiquitous, but only a few 
complete specimens, constructed of weakly 
fused hexactines and belonging to the class 
Kexactlnelllda Schmidt, are represented. A 
systematic study of the collection has shown 
that at least thirteen new species and five 
new genera are present. 

CORALLINE ALGAL ANO RELATED BIOfAClES Of THE RHOOOLIIHS 
IN THE GRENADINES BANK, LESSER ANTILLES ARC. 

•DEY, Sarraistha and SMITH, Leigh, Oepartmeni of 

Geologies) Sciences, Queen's University, Kingston, 

Ontario, K7L 3N6. 
The crustose coralline algae are well-knoMn frame builders 
in the fore-reef tropical waters (2S -lOOm) of the southern 
Grenadines Bank, Lesser Antilles Island arc, east Caribbean. 

The rhodoliths (red algal nodules) tn comprised of 
coralline algae which produced crusts of different sizes, 
shapes, textures and minerologies. The leafy crusts of 
the calcareous algae Archeol ithothamnium , Heogoniol ithon . 
Hydro Hthon . Mesophyl luw . Lithoporella and Tithophyl luw 
are the dominant nodule builders. Besides coral 1 ine algae, 
other encrusting organisms as foraniinifera ( Homot rema , 
Gypsina ) . bryo2oa ( Steqinoporel la . Schitoporel la ) and 
sponge ( Ceratoporel la . Stromatosponqia ) act as secondary 
builders - forming smooth, warty or «ainmelated crusts. 

The sequence of encrustations in the algal nodules 
is controlled by various ecological factors - as, deptft 
of water, degree of agitation, salinity, temperature, 
intensity of light and nature of substrate. Selection 
of any encrusting organism forming the rftodollth also 
depends on competition, growth rate, turnover time and 
residence time of the nodule. Coralline algae is 
volumetrical 1y important in nodule construction, because 
they compete for hard substrate either by growing faster 
or by overtopping their neighbours. 

These ecological factors also control the growth forms 
of various epiroans and result in a wide variety of siie. 
shape and internal structure of the rhodoliths. 

The association/sequence of several encrusting organisms 
forming the rhodoliths can serve specific informations 
on the environmental, ecological conditions and hydrodynamic 
regime under which they have formed. This can also be 
utilised for reconstructing paleoecological conditions 
of ancient coated grains. 



Canadian Paleontology and Biostratigraphy Seminar 
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SHELL FORn AND EXPOSURE TO WAVE ENEAGV IN THE 
UNIONID BIVALVE ELL I PT 10 C0t1PI.ANflrA 

W. H. tiruan , Oepar Ldient. i>t ^ui.iliii)>, Uni- 
varsity o^ Msfttuni unt.u i>j, I.li>iiI>iii , 

Ontario Ni>(\ t.BJ 
Onm hundred •p»cta«nm o^ tha union id claat 

ElUH<;lg coMPljnata nmrm coll«ct«d from th» 

•hor>m of a knal 1 island in Etapti»t« Laka, 
naar Alqonquin Park. Th* Mindward shore is 
•xposcd to ca. 4 k«. of fvtch, Mh«r«as the 
l*«Mard shore is close to high, nearby land. 
Shells of all specimens Mere Measured, weighed 
and then sectioned tor agtng (by counting 
annual rings). A distinct pattern eieerges, 
Mith faster growth rates being characteristic 
O^ the aore exposed shoreline. This pattern 
supports results from east, though not all, 
other studies. 



TOWARDS A REGIONAL MOLLUSCAN BIOSTRATI- 
GRAPHY FOR THE LOWER UPPER CRETACEOUS OF 
PACIFIC COAST NORTH AMERICA 

James W. Haggart, Ceoiogical Survey o( Canada, 
Ml Booth Street, Ottawa, Ontario KIA OES 

The sequence o( molIu»can faunas in the Cenomanian to 
Coniacian portion of the Pacific coast Cretaceous is poorly 
understood, in contrast to ol>ler and younger parts of the 
system. However, recent field studies have provided 
important new data bearing at the moltuscan 
biostratigraphy in this region. 

In the Queen Charlotte Islands, Cenomanian strata have 
produced two faunas. The lower fauna comprises 
Oeunoccras (PseudouhligeUa) japonicum, Sciponoceras cf. 
bacujoide, Graysonites sp., Puzosja (Anapuzosia) ci. dibleyi, 
Inoceramus ex gr. pictui, and I. cf. gintereiuis of early 
Cenomanian age and correidiive with a similar, although 
more cosmopolitan, fauna in California. The upper fauna, of 
late Cenomanian age, includes I. aft. incelebrans, 
Truncacila haidaiia, and pozosiid ammonites. At present, a 
correlative late Cenomanian fauna has yet to be Identified 
from California. 

A three-fold division of the Turonian can be recognized in 
both California and British Columbia, with Mytiloides 
Ubiatui indicative of the lowest part of the stage. The 
genera Collignoniceras and Subprionocydus, diagnostic of 
the mid- and upper Turonian in California, have not yet 
been identified m western Canada; however, the 
mid-Turonian ammonite genus Romaniceras has been 
recognized in both regions and I. sp. ci. multiformis, 
representative of the late Turonian to early Coniacian, has 
been identifiec torn the Queen Charlotte Islands. 
The rich California Coniacian faunas include the Tethyan 
genera Niceforoco-as and Texasia, as well as I. ex gr. 
carififonnis, none of which have yet been identified in 
Canada. However, mid-Coniacian Peroniceras and late 
Coniacian to early Santonian PtesioCexanits have been 
recognized in both California and British Columbia. 
Further field studies in these areas can only result in an 
increase in precision ol correlation of raid-Cretaceous 
deposits throughout the entire Pacific region. 
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WITHIN- AND AMONG-LAKE VARIATION IN SHELL 


MORPHa.0GY OF A FRESHWATER CLAM FROrt SOUTH 




CENTRAL ONTARIO LAKES 




U.li. Minch, i>t:|>,.ir 1 iii-.-nt ul .mi.lijiiv, llnivL-r - 




•iity of W*st«rii linljrio, l.ioiiilixi , uiir-riu 




Non ^,b/ 




To coapare thst relative magnitude of variation 




in shell morphology mi thin and among lakes. 




ElliDtio CDinolanata was collected froin 1 om and 



high exposure areas in each o* four small 
lakes in south-central Ontario. Ntfsted ANOVA ' s 
on shell length, hetglit, width and weight 
revealed that shell murphology varied much 
more t>etwe«n sites of differing enposure 
within a take than aaong lakes of differing 
alkalinity. Canonical variates analysis showed 
that clams from high exposure areas had larger 
and proportionately taller and heavier shells 
than those ♦rom low exposure areas. There is 
no relationship between aUalinity of lakes 
and shell aof-phology. These results suggest 
that the use o* unionid shell morphology to 
prwthct long-term wliole lake water chemistry 
(e.g. alkalinity) requires sampling designs 
which take into account within-lake variation 
ifi shell morphology. Similar sampling strate- 
gies should be employed by those wlio wish to 
infer past eiivi ronmwi-itat conditions from the 
cLamfossi I record. 



A NEW APPROACH TO OLD PROBLEMS. SIMULATING 
MODERN AND ANCIENT SKELETAL METAZOAN 
COMMUNITY GROWTH BY MICROCOMPUTER 
KOeLin^. David R.. Gaological Sciencas. Enndale Camput. 
Univcrsily o( ToioMo. Mississauga, Ortano, Canada L5L 1C6 
Ancient invertebrat* slialsial metazoan comnxinnies. such as (eals. 
have b««n b«sl studied using 2 app«oacnas: l| observations and 
tnlerincas derived by direa analysis ol preserved communiiy 
elements, and 3) by comparison with living ana)ogs Studies ol living 
systems as analogs give clues to some Inlormaiion tosi in ancient 
sysiems, such as orgamsm-organism and orgamsmenvlroriment 
iraeracilons. and soltbodied elemenis, but provide tittle irnormation on 
very long term comirunity hislory and dynamics Studying lossil 
systems gives a pdu.e ol Iha history ol a community, txjt usuaUy only 
limiied reliable inlormaiion on the dynamcs o< the commimly Ihiough 
lima, and only glimpses o< organism-organism aruj oiganum- 
envifonmenl interactions 

With the ^idvenl ol powedut small conipulers. a third approach is 
now available: siriutalion ol complei comininily dynamics over long 
spans ol lime. Biological and ecological simuUions ol various kinds 
have existed lor some years, but may nave not been applied to 
interpreting ancient communilies. nor have tl^y been at)ie to track trie 
hislory ol the convnumiy snxillaneously at aH levels, Irom the individual 
to Iha whole system over geotogicailty signilicant lengths ol l^ne. 

A computer program Is being developed that can simulate compiax 
assemblages ot organisms in real lime, wuh marry o4 the Meradtons thai 
take place m a real world system, over bng spans ol lime The system 
currently nins on an Apple Macintosh Pkjs microcomputer, and is 
capable ol simulating iht interactive giowlh ol an assemblage ol 
thousands ol hemtsphancal and tatxiiar orgarvcms represeraing up lo 
500 species lor thousands ol years. A much more powsrlui and 
complex version Is bemg devetoped. The program-tooperaior mierlace 
is vary "user-lnendly*, and allows comptoie ireedom to eipenmeni weh, 
and observe the ellaas ol, combinations ot controlling vanables The 
output Is avaMable in several loims, as tatxes ol coorttmaies, areas, and 
summary statistics, 0')phs. and maps ot the siiruiation surface wiin 
individual organisms dravm and a>ded An imponam element ol the 
current version ol the program Is an algonthm that incorporates a user- 
delined species competitive overgrowth hierarchy: at setup time, the 
species are placed m an overgrowth hwrarctiy ihal n cointiatalion weh 
growth rates, determine* what vnll overgrow whal whan naqhbors 
come mto contact dunng each cyde ol grcwth Some ol the other 
avaHabie oplnns mckjde storms, and contiDl over larval settling rale. 

Thie program is similar to others In being capable ol oomptex 
(unctions, but dillers Irom ihem in twing able lo track njividuM In Wit 
system as w«l as ihe whole assembiaoe ol orgaittsme. tor very tong ttme 
spans, as wel as provide graphic pcturet ol the tki«iUt>>n area w«h is 
communiiy, at any lime. The program hat been wrNien tor a 
mcocompuier. but has Ihe processing power ol some earlier ( and 
snme current) mini- and mamlrame programs (aHhough less speed). 
' ne llexibilily ol Ihe user Interlace, ease ol input o( variables, as wei as 
the incortmralion ol some complex ilgorilhms thai simulate irrxxxnant 
real world controls such a* oompelittvs hierarchies and storms, make 
this program and Its successors a viable research tool In Its present 
lorm H already can be used to test some hypotheses ol comniuniiy 
dynamics, as welt as observe how simpta assenoiagas ot organisms wd 
Inieraa ana develop over long spans ol time. 
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f»uts*4 Ou|dd«iiia fd Aijvjnaitjvtf *Bu|)«p 
)uepauo3 Aq p«u|f«p ■{ ■•M«id«o3 aiviMKiJVd 

•ii«|imvji mn 
SuTJnp UQ|)|«etfap lauisvq to )(••)■• >*a)»«ja 
•VI) «)u«««jd«j )iun •tm 'Wdtiiaedap •i«i|a 
ueUv«'«oi it«»M "JM #o Duiuu|B«q ag) uvi«* 
p«P0U|Q9 tiMx '•uej TWVTB MM) w| tivteq aisAs 
9tl*)sn« jofvv puosa* avit *auax IfJl IIIBUff TJ^ 
•9 ag) #a pwa ag) o) panunuoa aiiift.M« 
■.M»l*I<i #o 6ui<ite)c^3*q pwa dnpung 'tauuvia 
auitS 'Mt ^o •■??• M^eq ub Bjof)«td ii«t)v«jQj 
uji»a .laMoi ag) v%»tjmf>o p«g aaivg* uot)««<<ej 
H|jp.4aw 'auoz insUllM^n jaddn At 'auoz 
in3|J}H*Xn aippiu ag) W| wvbaq |aAa| aaa ui 
a«t<< Pt^t^ana )«Jt> *«U 'aaisAa ttuoDiaadap 
jaiiaaa ano^aa im giTM Auo|* 'paHHuapi 
mow 'laAat *a« UT aaafj SDa^ana Aq panoj} 
-uas 'aaawanbaa A4*)ua«Tpa« jofwm onx 

'laAat *•* wt aaau 
BAfaaaasna bwijnp pjanpwai pa^ajftt* aaiavf 
auttl*-M3 aigi •aataga t«wt«*4 %ov *aa)i« 
-etep auTiitJOS jm\wn -jatfaap Aq .patMpjp. 
Aiianioj BMm d«« (qtTd»M pva naajo 
m\M%J2 'p^iqAutavT^ )• autB>'« «JO»>«|d 
pajnotos )gft|| 'anejod agx 'atuataAinba 
■«t3«» ••>« •.Jaqaaii asjv Pu* o»ojb ag) atlMM 
•caBuvga attauabaip pua aaisa^ o) pa^ataj 
'anouojgavtP •! )9t)ua3 jaqaau aagsaa^mi) 
.-«a.joj ujt*3 »HX. *psuei)aanb a| .laqaaM aanu 
ag) bufui^ap u| )jag3 i|9«iq »• aan am, 

■aaiiaidaoa a^vuoqjva ujfao )iaag'>noa 
put a«Togji«j ag) aa^vjadas gatgM ajn^aa^ lau 
.|a*q Buipuaj) )aaMg>nea -)aaag>.iou t ai ja) 
-)*t agi 'tauwaga auit3 •«<> aaojsa a>3aauaj) 
«oj# a^ap )uapo«i09 pua' ataAiaua aafsaf 
#a aiatq ag^ uo paaedejd aja atioi>nio| 'awat 
-qajd aiiauaflafp pua t*3TBoT(>*u**IP** paAtea 
-ajun Aq pa^asiidaas ai dnojis aatogjtvj uatu 
-aajj ag) fo ajn^atauaaou 3|gd»^uaj>a am 
Hit NEl a^^qtv 'Ajaftias •Ajaftt*? 
H> A^iajaATun 'aaiaAgdoag pw« Aftotoas 
fo tuaa^jadag '.iaftjaquaaaiaM 'N'W'f 

viuafw -imtxios inn *w3iw eoaawM 'dncme 
xnoHuivi NVIN0A30 wMdn »u dO AHcmiBixmii.t 

-oil INOaONOa AtMNlUI-IStM ONV ABOtOltatlOM 



*paaan3 
-Bfp o«tv ajv aa) |a pa)aui»a)ua9 -iag^o woat 
<au(jva pua .>a)aMvaaj>) a«A|aAtq jo^ (1*M* 
y| a>u*uTa*)uo3 ^ aa|pn)a ^ a^inaav 

■aa9(«a.<af.<a)wi ane|.«aA jo/pwa A) 
>fAi)|auaa fO ]|9ai ag) anp paifaf g>a« -pa^a 
-niaAa a.iaM Aj)aM>^)9ada aaaa uof Ajapue9aa 
pua aqQjdej9ta uoj)9ata •»% 'aftutj g4nej6 
uj atr^aa a9aji bu|tA (aua jo# aanbiugaa^ 
o"l 'aaf) .jaAO aabwag9 ftwiddav jo# lanw*!^^ 
aAvg ajo^ajag) pwa *%bu%^ tnnojA lanwua ^fa«|) 
UT UBt«au|vatue9 ^a pje9a^ lat^uantoaa a ufa^aj 
•I tags 'aanaat^ )»«a jjm%t% aa tt*" •* •!!*«(• 
■<fag> u| a)uau|aa)UD9 a^a |nan99a ataaanu 

•a^ia pa4a«iT*a9«i09 ^aoa ag^ 
)a aba uaAfb a >a .jaifawa At9iia9|»iueia aan 
pua '.iabuot paAH 'AiMot* ••«• "ajb fTtUVIOHS 



jag) fa uag) A|a)vjn99v ajoa paba aq Pinos 
WTIUVIUOS — BTTWrm *o auavfsads •paMiHViia 
ajvH auofigaa liaga pua abufj lauja^aa g^oq 
•pa6v Bjan aai)*! o«) vojt aiaaana fO aafsada 
aajg) fO anaga m^■^ 'aaiiai pua aai^ada buo«* 
aa^vj gtnojb pua aa|)|Aabuo| ajadvoa o\ pua 
a9uan|fuT afg) a^antaAa ox -aba Aq paauanifui 
aq o) pa^aadana mjr pua *aaaa*|9 mtf* pua 
aafsada *aai|ai buo«a AjaA B) u»w |a aaag) »» 
auo|>aj)ua9uo9 anaan )*oS '"Jir ag) u| aaf) 
-lAHsa buiufa-ptoft 9|jo)afg o) anp (bH) Ajn9 
.jaa pua <bv) Sfuaaja g) im paiau|«a)uo9 AigftTM 
aja af)09S •*-ON u| ••>I»T ja»a«paaH jm^tu 
atpa9auaqngs ag) aoj^ a9an)|oa ja^aM gaajj 

oiJ^liin '<«0|iuoT 'oi.*^<nn iija)«nn 3° *>t» 
-j«Ai>jn *Ahp(c»o7 4U iu-i*)><ft)a(i ' taiiiaH "3 

NOIinilM IHOJ HSVOUddW ITVdaSn « >S'I13HS 
3^-nOM 3A1WM8 KI SINVNIUVINOS MOd SISAIWNW 
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•XV i>U»/ ilJlMlttlllH |HI« 

]).:i iiau<i«itnH {•ui>«j»j:>n« Mlin «u |H|i>JJcr.i uinr/ 

Hrii|iti<i1iHn*a5-inU5rS'>*i iimilwiilluiiiilv ">U ' KN 

ituM/ iiJtMlN»vU JO uu!-)jiMt jiin<i| i>i|'| |>u<< i>ii<iKi|nK 

I«unaja4»«a u j»aui »ht Mlt" Mit|W|«JJo;i 

atinj iifi5TV«i*H""uSJ^ SiimWuJIiiJiiJSi, »HX 

•aiitPBJ aim U)qi|n aii| ia|»J-««»" '"IP!" ""HI 

upauag u|iua|-|V J« ttdiinjV Xojfnij |iM« Jtmpuin 

»qi a[ wauus pa«ta| )i|wiKa X|hii<i{ aujiI «i pMl^iaJ 
aq uaa luaaajd aauua iun[M»uou waJiil "ill 

M-US •|u'('»-'"*t "1 P"!J1T"'PI 'I'"' """ 

a I 'ouir/ nnqifeUaAnAii:i-tii)iiAi«i:tH Mni|-|fiuf ulfidy 

ai|l •latMJiMliln nm pun ilnoji) jnapu|H 

junui am U| lunaajd aja ' nituon h |5aiJ3iiAlf n 

Mniii~aap«f>xff) pua >iH!iTio«fTi"""-'i •"•m'sapimiinii 

1" l-WK a|«tH"-"") "1 l«Mjn""t'1 ■»■""'. (""f" I A 
niiri-iitpplM) dniun jitapuin »«n U| puu|j4ip. 
<|«nn|*ujd aawm '|U<i|h>uu:i jnnj iiq-) Jp wajiu, 

•«p«un:i 'tiiuftjoi <iiiuojiix J a 

XiiaJUA|un '^Piti""!! i" lu*'a\J"'t*UI I"" mUfunH 

wfjaiuo t*'uM 'i)>U|W-|uon»|a,| »i«jqalJaAU| 

JO lunufjadaa •ua-|HnK -y *.l najoi|in| pua 

•iwiltM <»»A -li ja-iurf Xq VIXtXIK VAOH '>l)i:tVIH](4.8 

'I-IIB H-IOIIMWHI HI .MMWa HOKONIR NVjIBtA 

HXVI->ri(HIIH MUX ;<0 AI1.IVH3IXV«XSOI« IHOOOHtXi 

'tvoTlTPva^ taiaaauoJTAoa 
j<IT«ia japun paajaj iT*adap tno-M/Tnaqjaa ioa at 
jnaaa XnaanatJd Xta tajsj aeaqt asnaq 'apin »ija« 
miTiUMt* aja ■•inapoaoe Sutpntax* 'aatiaatJO 
•aaqi jo tiuapoodaajjao ^oaoaj a«n Jo aaaT1"4T<naTP 
MU *aaT»aajoj 9^q% aTqiT" aoanwiooU 

XauT-aaa ataaa-ttaat ja aafieatap aqi aatqaaa 
paa •astjaa-iMiTS.iaa jd jaian-qaaJU 't'l 'aanfiatfap 
ja ta«aaeJT«>» aqt ja eonmTajaiap aATiTaad 
aqi riT*'*' aan»"JOi •WTR iaopls faTJ*«fl-t»o» 
aqi aT atT«tajajaia aaaqi ja aaaaatj d aqi 

■aajoj aqit^3HWT^r 
paa ^jtBKTfOWS '-IIJIUJIQ ^ paiaaaajlaj 
aJa <aqi -aaaaTJo^ ajaijaa aajj paiMdaj aaaq aat» 
a^aq (apadatiq«) aaaaixaaJT Jaiaa-qaajj iT*AT*»Taxa 
»fi ja aa*Tm"**ajda| 'ajauat a«ta*Tq paa paaaJiaa 
aBTliqtJna paa <aaqni uaa PTTn<-<M !• aaaaaaJd 
aqi Iq paiaTPtJiaaa lea tT aann »Jd JamT •'Wt - 
•aiaapaaaa paa apadafaqdaa ppieXjqa* 'Hmiumi^ 
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